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Abstract

Algal bloom, fish kill, hypoxiaandtoxicity are some of the water quality issues faced by many
waterbodies, from lakes to estuaries. Internal or external nutrients cause excess growth of algae
and then lead ttow or nodissolved oxygen¥O) in the waterbody, which impairs the life of

living organisms, fishetc. This has a direct influence on public health, the biological integrity of
natural resources, and the economy. This study focuses on understanding the nutrient dynamics
and using appropriate water quality model to mimic the nutrient conditions on a range of
waterbodies, small lakes to estuaries. An existing lake water quality model MINLAKE2012 was
modified to include nitrogen, phosphorus and DO -swdgek along with sediment flux
calculation to simulate the water quality parameters for long t8mnlakes in Minnesota were
simulated using this model arite average standard error for DO simulation of these lakes
decreased by 24.2% from the original MINLAKE2012 model, which indicates better model
performanceThis model is suggested as a reliable tool to managers. A comparative stey of 1
MINLAKE and 3-D EFDC model has been conducted for three lakes in Minnesota. It was found
that the EFDC model is suitable where the spatial variance is significant within the waterbody.
However, one drawback of EFDC is the absence of a snow model which is important for cold
regions. The & EFDC model, being reliable for capturing spatial variance and being more
detailed, was used to simulate water quality in Cotton Bayouw Cove system in Mobile,
Alabama which has multiple inflows and very complex bathymetry. This estuary has been
suffering from very poor water qualitynd fish kill issues which ha caused economic and
cultural loss. Following the nested model approach of EFDC, the model was calibrated using the

continuous observed data for water level, water temperature arml0Oted at three locations
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in Cotton BayotiTerry Cove systemThe standard error for DO simulation ranged from 1.09
mg/L to 1.50mg/L at the three location®ifferent restoration techniques were tested to select
the most efficient one by using different boundary conditions in EFDC which includes aerator
and dredgingA total of sixteen aerator setererequired to keep the DO above the target DO, 3
mg/L. When both aerator and dredging were usedredged channel in Cotton Bayou and nine
aerator sets were able to keep the DO above the target DO at aHitiadgy, thebest restoration
techniques ere tested against future climate and sea level rise scenarios to predict how the
estuary would behave with the restoration techniques implementation in the future. This study
gives an overall idea of water quality modeling which will be useful for lake and estuary

restoration and help the managers to make informed decisions.
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Chapter 1 Introduction

1.1Background

Eutrophication has been a threat to waterbodies since the beginning of the twentieth
century in industrialized countri¢se Moal et al., 2018; Moss, 2011); Takolander et al. (2017)
A large proportion of the anthropogenic increase in nitrogen and phosphorus flux due to
industrialization is delivered to ground or surface waters through direct runoff, human and
animal wastes, and atmospheric deposition. Over time, excess nutrients are transported to
waterbodies(Liu et al., 2008; Turner, 2003When a waterbody undergoes any human
naturatinfluenced ecosystem changes such as nutrient loading, extreme weather events, or
invasive organisms; algal species (cyanobacteria) can form dense overgrowths known as algal
blooms. Since these blooms can produce toxins that are harmful to people and animals they are
often referred to as harmful algal blooms (HAB). HABs cause undesirable changes in aquatic
resources such as reduced water clarity, hypoxia, fish Kills, loss of biodiversity, and an increase
in nuisance speciggownsend et al., 2003; Wolfe & Patz, 200@xygen is consumed by both
living and dead algae which results in low oxygen concentration in éalceestuarieknown as
hypoxia (below 24 mg/L of dissolved oxygen (DO)). Eutrophication also has a detrimental
effect on human health through increased exposure to cyanobacteria (tauahsell, 2010;
Hudnell & Dortch, 2008)nitrites, and nitrateéTownsend et al., 2003; Wolfe & Patz, 2002)
drinking water. Since most cities use surface water as the drinking water source, HABs can cause
serious problems of oftavor odor and taste (sometimes described as earthy or musty). In some
cases, drinking water no longer remains safe to drink and a complete cleanup is needed. For
example, the state of Ohio committed to spending $172 million to clean up Lake Erie as HABs

were causing severe drinking water problg®sewer, 2020)Furthermore, the economic costs
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of eutrophication, for restoring the ecosystem services (e.g., housing amenity value, recreation
opportunities, freshwater provisioning, and food and fiber production) are(bigids et al.,

2008; Moomaw & Birch; Pretty et al., 2003tutrophication can have serious effects on the
social health of a community causing decreases in activity that are dependent on aquatic or
seafood harvests or tourism, resulting in disruption of social, and cultural pradtiass.
estimated thatni North America, more than 41% of lakes are eutrofBartram & Chorus,

1999)

Estuaries are also affected by eutrophicat{bivingston, 2001;Bricker et al. 2007
Estuaries aramongthe most productive systems in ma, due in large part to the balance of
fresh water and saline water istuaries(Bales et al., 2006)Phytoplankton growth and
variations of nutrients in lakes or estuariesdirectly related tanput from inflowing rivers and
tributaries(Shen and Haas 20pHarmful algal blooms found iestuarinevaters are caused by
circulation, river flow, and anthropogenic nutrient loadings leading to eutrophication (Sellner et
al.2003). The dynamic forcing in the system results in the spatial and temporal variability of
salinity, temperature, and nutrients éstuaries Several studie®©iave reviewed the effects of
excess nutrients on coastal systems that include hypoxia, increased algal biomass, and excessive

concentrations of toxic algae.{.,Howarth et al 2009Bricker et al., 2007; Shen & Haas, 2004)

Identifying the key parameters affecting water quality is very important in eutrophication
studies. To understand the occurrence of eutrophication, it is important to understand the
interaction between hydrodynamics and water quality. Hypoxia created at the botitakeobr
estuaryoften results from &ck of mixingwithin the waterbodfHerb & Stefan, 2005; Markfort
et al., 2010) This canresult from lowwind speedst the water surfacayhich fail to impart

enough energy into the watkr mix the whole waterbodylhe bathymetry of waterbody can

20



also hinder mixing Variations in veather condition®n short and long timescales can also

impact water qualityFang & Stefan, 1997; Fang et al., 2Q04)

Management and restoration solutions to control eutrophication require predicting the
nutrient concentration, understanding interactions between hydrodynamics and water quality
variables, and quantifying algal growth and decay. Since the 1970s, numerical modeling has
shown to be an effective tool to quantify nutrient concentratjbnboden, 1974; Vollenweider
& J., 1982) Several promisingurface water numericahodels have been developed over the
past decades(MINLAKE, PCLake, LAKE2K, CE-QUAL-W2, EFDC, and ELCOM
CAEDYM). The key state variables of these models are nutrients, principally phosphorus (P),

nitrogen (N), and sometimes silica (Si) since these nutrients link to primary production.

For eutrophic lakes, high phosphorus release from lake sediments is sometimes reported
as a mechanism delaying lake recovery after the external loading of phosphorus has been
reduced(Marsden, 1989; Philips et al., 2005; Sondergaard et al., 280¥e internal loading
adds uncertainty to lake restoration processes, a reliable lake water quality modeling tapl that,
focuseson the internalnutrientdynamics,b) considersall physical processege.g., icecover,
sediment heat transfer), c) is applicable to different types of lakes, and d) is capable of multiple
year simulationare ideal. Br lake management and restoration purppsgodelswhich can
predict chlorophyHla, phosphorusand DO in various types of lakes (shallow to deep, small to
large surface area, and oligotrophic to eutrophic) for deomt and longerm simulationds

necessary

Estuaries are very productive waterbodies which often suffer from fish kill, HABs and
other water quality issues. Due to its economic and anthropogenic importance, impaired estuaries

are most likely to be restored by the management. It has been reported that often the restoration
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measures are not adequate to address the water quality Hesue ét al, 2015, Conley et al.,

2009. This happens for not understanding the hydrodynamics and water quality mechanisms.
Each estuary acts differently based its bathymetry, mixing capabilities etc. Therefore, a
modeling approach might be very useful that a) considers all physical processes, b) considers the
spatial variance of the hydrodynamic and water quality constituents, c) calibrates the model with
continuous observed data, d) includes predictive modeling of some promising management
options. A detailed modeling approach with all the abaesmtioned capabilities is very

necessary to make informed decisions for estuary restoration.
1.2 Objectives

The primary objective of this studyareto utilize advanced hydradynamicand water
guality simulation models to understatige interaction between hydrodynamics and water
guality, identify the primary stressors of eutrophication in lakes and estuandsapply this
knowledge to examine potentigstoration strategiasithin an estuary with known water quality

degradation (with and without the influence of climate change).
1.3 Models Used

1.3.1 MINLAKE

The Minnesota Lake Water Quality Management Model (MINLAKE) is a-one
dimensional (along depth direction), deterministic water quality model with a time step of one
day and was developed in 1988 for supporting lake eutrophication studies and was capable of
simulating water temperature, chlorophyll a (&hbhosphorusnitrogen,biochemicaloxygen
demandBOD), dissolvedoxygen(DO) for lakesduring the open water seasfiiley & Stefan,

1988) Ice cover period is defined as theriod wherthe lake does not have ice cover; the rest of
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the year is called the open water sea8®NLAKE1988 was further developed to include 4ice
cover period simulatiofGu & Stefan, 199Q)simplified regional DO modglX Fang & H. G.
Stefan, 1994) modified yearound nutrient mode{West & H. G. Stefan, 1998|and hourly
water temperaturandDO model(Jamily, 2018)MINLAKE nutrientmodel(MINLAKE98) was
appliedto threelakesbut did not perform well for multiple year simulatigiVest & Stefan,
1998) hence, the model was not used further. The most recent version of MINLAKE with daily
simulation, MINLAKE2012 was capable of simulating water temperature and DO in different

types of lakes with good agreement with observat{Basick, 2011)ut lacks a nutrient model.

MINLAKE models use the basic oftmensional advectiediffusion equation to

simulate the dynamic variations of state variables in horizontal layers of a lake.

— 06— [ £061TOQE QI (1.1)

where C is the concentration of a state variables the vertical settling velocity of the
particulate form of some of the state variables O for dissolved); z is the vertical coordinate
measured positively downwarH; is thevertical turbulent diffusion coefficient; an&(z) (m?) is
the horizontal area for each layer of water as a function of the deptlall MINLAKE model

variants, water temperature is simulated first by solving the followingtifzgesport equation.
— -—— 00— — (1.2)

whereTw (z, t)is the water temperature iPQ), which is a function of depth (z) and time Ky
(m?/day) is the vertical turbulent heat diffusion coefficient which is a function of depth and time;
zCp (J/m?- °C) represents the heat capacity of water per unit voli#nég;)/n-day) is the heat
source and/or sink term per unit volume of water. Determination of the turbulent diffusion

coefficient is discussed in detail by Faf¥jng Fang & Heinz G Stefan, 1994In the regional
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daily MINLAKE model, the vertical heat diffusion coefficier; for epilimnion and

hypolimnion is calculated using the following equation:

L WX pT 5 (1.3)

whereK; is the vertical diffusion coefficient in citsec (1 criysec = 8.64 rfiday = 0.36 rAhr),

As is the surface area of the lake @rmandN? is the BruntVaisala stability frequency of the
stratification (se@). In the epilimnionN? was set at a minimum value of 0.000QH®ndzo &
Stefan, 1993)Equations (1) and (2) are solved numerically using an implicit finite difference

scheme and a Gaussian elimination method with time steps of one day.

1.3.2 Environmental Fluid Dynamics Code (EFD@)

EFDCGC+ is an advanced hydrodynamic and water quality simulation ntbdélncludes
six internal correlative sulmodels: wind wave model, hydrodynamic model, sediment transport
model, eutrophication model, toxic model, and sediment bed model/sediment diagenesis model
(Figure 1-1). The hydrodynamic model is the méshdamental part of the EFBGsimulation
model (Figurel-1). It works as the energy source aperatethe remaining models. Once
receiving information from the hydrodynamic model such as water level, water velocity, water
temperature, salinity and so on, thater quality €utrophicatioh model can simulate water
quality parameter distribution. Meanwhile, the concentrations of water quality parameters are

also affectedyy the sediment transport model and sediment bed model.
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Figurel-1 Six Interconnected Submodels of EFDC+ (adopted from Li, 2019)

Table 1-1 lists the 2 EFDC state variables and corresponding abbreviation symbols in

quality variables.
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the water quality (eutrophication) model. TH2<S2ate variables are divided into 6 groups: algae

group, organic carbon group, phosphorus group, nitrogen group, silica group, and other water



Tablel-1 Water Quality Variables Simulated by EFDC (Li, 2019)

Water Quality Variable Group Variable Number and Name

Algae (1) Cyvanobacteria (blue-green algae) (B.)
(2) Diatom algae (B,)
(3) Green algae (B,)
(22) Macroalgae (B,)°

Organic carbon (4) Refractory particulate organic carbon (RPOC)
(3) labile particulate organic carbon ( LPOC)
(6) dissolved organic carbon (DOC)

Phosphorus (7) refractory particulate organic phosphorus (RPOP)
(8) labile particulate organic phosphorus (LPOP)
(9) dissolved organic phosphorus (DOP)
(10) total phosphate (PO41)

Nitrogen (11) refractory particulate organic nitrogen (RPON)
(12) labile particulate organic nitrogen ( LPON)
(13) dissolved organic nitrogen (DON)
(14) ammonia nitrogen (NH4)
(15) nitrate nitrogen (NO3)

Silica (16) particulate biogenic silica (SU)
(17) available silica (SA)
Other (18) chemical oxygen demand (COD)

(19) dissolved oxygen (DO}
(20) total active metal (TAM)®
(21) fecal coliform bacteria (Feb)?

Figurel-2 is a schematic diagram showinggdbeelationshig. The algae group is placed
a the base because they are primary produaedsire the originator and receiver of chasige
water quality.The four types of nutrients (carbon, nitrogen, phosphorus, and silica) have direct
relationship in their respective group(s). Although one group of nutrient is not much affected by

another group of nutrient, all of them directly affect the DO concentration.
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Figurel-2 Schematic diagram of EFDC hydrodynamic and water quality modeling components

(adopted fronii, 2019).

1.3.2.1 Hydrodynamidlodel

Hydrodynamics is a study focusing on the motion of water featuring the transportation of
sediments, toxins, and nutrients in the water body. The solution of the hydrodynamic model is a
complex process which often involves atmospheric forcing, Coriolis force and geostrophic flow,
upstream inflows and downstream outflows. Their effect can be expressed as the flow velocity,
pressure, density, and temperature functions of space and time under the governing of
conservation laws. The precipitation, relative humidity, cloud cover, and atmospheric pressure
can affect the water capacitgld by the study aa bychangng thewater level. The wind speed

and direction form the forces acting on the water column, together with the gravitational force,
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the viscous force, and the force from water pressure gradients. For a relatively large study area,
Coriolis force can also be significant to circulations in the water body, which is caused by the
earth rotation. Under the influence of the Coriolis force, the objects in the water body tend to
deflect a few degrees to the right in the Northern Hemisphere to some extent. In addition, the
dispersion also plays an important role in the transportation of dissolved substances such as
salinity, DO and so on, through the horizontal spreading and mixing of water mass caused by
turbulent mixing and molecular diffusion. Besides, the turbulence model developed by Mellor
and Yamada is used to represent the vertical mixing process in EFDC. The detail functions
linking with the hydrodynamic model under the curvilinear horizontal and sigma vertical

coordinate system alisted as the following:

T ' ad 06 1 a™O606T1T aOUO6T adavo a a Qov a0 n
MO a1 Qd O aatr O616 O

(14)

T @& Ov 1T & O60 T &4 OOLT & &G VL G & "AOo6 a0 n
MMOW & 1Qd orn a4t Oo6ro0 0

(15)

'n QO0® QO "

(16)

T ' ad O 1T a6 1 a0 T aaov 0
.7

aaQ aaQaa ua a

(1.8)
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whereu andv are the horizontal velocities in the curvilineathogonal horizontal coordinates

(x, y) w is the vertical velocity in the stretched vertical coordirgtp is the excesspressure
abovethe referencedensityhydrostaticpressuredivided by the reference densitys* is the free
surface elevationz,* is the bottom or topography elevatidd, (= zs*- z*) is the total water
column depth in a gridAy is the horizontal eddy or turbulent viscosity;is the Coriolis
parameterQu and Qy represent additional forces or momentum sources and sinks, including
horizontal turbulent momentum diffusion, vegetation resistance, and wave Reynolds stress due to
high frequency gravity waveQy is the source/sink term used to represent direct rainfall,
evaporation, groundwater interaction, water wi8thdrawals, and point and nonpoint source
dischargesiny andmy are dimensionless scale factors for curvilinear horizontal coordinates. The
sigma coordinate is dimensionlessz= 0 at the bottom topography, aaé1l at the free surface

for all grids, but water deptH is a function of time and location and solved by the EFDC.

The generic transport equation in EFDC for a dissolved or suspended constituent C (Hamrick
1992b) is:

T aa 00 1 a 060617 ¢ OUOT GG VO aatT OT1o060

, 6 aa oy 0 (1.9

whereAy, is the vertical turbulent or eddy diffusivity; is the settling velocity, which is zero for
a dissolved constituent or tracer modeled in this study;Rat&l the reactive sources and sinks.
The horizontal turbulent diffusion and external sources and sinks associated with volumetric
withdrawals and discharges are accounted for uGiagThe transport of dynamically active
constituents such as salinity, temperature, and suspended sediment is coupled with the

momentum equations through an equation of state and the hydrostatic approxiBatiatiof
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1.6). The second moment turbulence closure model developed by Mellor and Yamada (1982)
and modified by Galperin et al. (1988b) alkdntha and Clayson (19949 used in the EFDC
model to relate vertical turbulent viscosity and diffusivity to the turbulent intensity, a turbulent

length scale, and a Richardson number.

1.3.2.2 Water Temperature Model

Water temperature isin important parameter in water quality modeling. All other
parametersn the hydrodynamic and water quality models egkated or dependent omater
temperatue. In addition, water stratification is affected by the vertical temperature profile
because water density changes wigimperature. The combining results from surface heat
exchange and the water temperature of inflow and outflow determine the temperatwaterf

body (Eqation 1.10.

Surface heat exchange can be regarded as a combination of five prooessesiar
shortwave radiatignnet atmospheric longwave radiation, longwave backation from the
water, conduction, and evaporation (Figur8) (Eq. 1.11). Among the five processes, solar
radiation (W/m) is the most important in terms of magnitude. It primarily depends on the
altitude of the sun and also reduces by cloud cover. It contributes to the surface heat exchange
only during daylight hours. Solar radiation atmost weather stations is not recorded but
estimated/predicted by numerical model$he net atmospheric longwave radiation refers to
downward radiation from the atmosphere, which repres#mts mechanism of how air
temperature affects the heat flux penetrating into the water column. In contrast to solar radiation,

atmospheric radiation is a significant component for heat balance durindagbght hours
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because the air temperature will never reach absolute zero on the Kelvin scalaie back
radiation from the water is the upward radiation emitted by the water surface. This value is
connected with the surface water temperature. Conduction is a pwdtasheat spontaneously
transfers from awarmer to a cwmler body. It occus when substance$aving different
temperature come into contact. In the surface heat exchange model, conduction occurs only in
the thin layer where air touches the surface water. Evaporation is a puestiquid surface
water converts to the vapor state. In this process, latent heat flux is removed from the water body
as the energy to break down the hydrogen bonds among the liquid water molecules to convert
them to the vapor state. Equati@rl2 is the detailed temperature transport function in sigma
coordinate
ObOMO a6 d GOEVREE ® 0 "QUE &1 "I 03B £ "QQ
(1.10
0 © 0O 0O 0
(1.12)

WhereHnet= net heat flux across the air/water interfdde= shortwave solar radiation
flux, H.= net longwave radiation flux from the atmosphere and the waterbtedy latent heat

flux due to evaporation, artdc = sensible heat flux due to conduction.

(1.12)

Wherel = solar radiation an@r = horizontal turbulent diffusion and external source/sinks.

31



Radiation terms Nonradiation terms

A

— N - .

L Vah Tl N TTRE e
* + interface

Solar Atmospheric Water Conduction Evaporation
shortwave longwave longwave and and
radiation radiation radiation convection condensation
\ -
= - v B \'/
Net absorbed radiation Water-dependent terms

Figurel-3 Radiation and nomadiation terms affecting water temperature

1.3.2.3 Water Quality Modeling

The water quality or eutrophication model focusesatial and temporal changedi®
linked with algae and nutrients. Nutrients such as nitrogen, carbon, and phosphorus provide the
materialfor algae growthprodudng oxygen through photosynthesis. In turn, the decomposition
of dead phytoplankton contributes to the source of the nutrients.

Nitrogen has two forms, inorganic and organic &ipn 1.13. Organic nitrogen is
derived from decomposition of organisms and pla@tganicnitrogen can be divided into three
forms refractory, labile and dissolvedbased on the time scale for decomposition. The labile
form often has a rapid decomptisn period (weeks to months) while the refractory form needs
years to decomposdhe labile and particulate form dissolute to dissolved organic nitrogen.
Ammonia, nitrate, and nitrogen gas are the inorganic formgitfgen. Nitrogen gas in the
atmospherecan only be absorbed and utilized by bfjyreen algae, whiclecan be present in
varying abundance depending on the waterboAyamonia and nitrate arthe only forms of

nitrogen suitable for algal growth. Although algae prefer to uptake nitrogen as ammonia, nitrate

32



can also be directly utilized bglgaefor growth. Organic nitrogen can convert to amnaoni
throughmineralizationor decompositionwhile nitrate can be generated through the nitrification
processwith ammonia oxidization in the presence of nitrifying bacteria and oxygen. When DO
is limited, nitrogen gas will be produced from nitrate through the denitrification process. Algae
then utilize inorganic nitrogenand organic nitrogen is releasechem the algae dieThe
conceptual equations for the change of all forms of nitrogen are listed fraatidg 1.13to
Equation 1.17 including total nitrogen (TN), particulate organioitrogen (PON), dissolved

organicnitrogen (DON), ammonia (NH4) and nitrate (NO3).

YO 00 — 00

(1.13)
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Like nitrogen phosphorus also has an organic and inorganic form. It is a key nutrient for algal
growth because it can convert sunlight into usable energy forms. Compared with nitrogen,

phosphorus is a common limiting nutrient for algal growtra waterbody.EFDC+ simulates
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two organic forms of phosphorus: Particulate Organic Phosphorus (POP) and Dissolved Organic
Phosphorus (DOP)One reason is that the source of phosphoro$iés limited, unlike organic
nitrogen which can be obtained from nitrogen gas in the atmosphere through the fixation process.
The second reason is that phosphorus is a neagtive compound Rapid reactions with other
cations reduce the amountiabrganicphosphorusvhich is the suitable form for algal growth.
As in the nitrogen cycle, organic phosphomsginates primarily with decomposition of dead
algae Inorganicphosphorus can be converted from the organic form through the mineralization
or decomposition process. Unlike the two forms of inorganic nitrogen (ammonia and nitrate),
there is only one inorganic phosphorus foorthophosphatethat is suitable for algal growth.
Additionally, phosphorus does not exist in the gas phEse.conceptual equation for the change
of Total Water Phase Phosphate (TP), POP and @Flisted from Egation1.18 to Equation
1.20.
DG & "@OYD O & "BORAO M0 é AR @I AQ QM OHIOE QI O a QY OO QE &

[ Q0 O0HVENATA DO Q
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(1.18)
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Algae is the primary producer in surface wateoughphotosynthesi®f suright to convert
carbon dioxide and nutrients to new organic materdé¢asng oxygen. There are thregpesof
algaecommonly found in surface water bodiéfue-green algae, diatom algae, and green algae,
respectively. Bluggreen algae ignique in that itanfix the nitrogen gas in the atmospheféis
characteistic makes it extremely toleranf environmenthstress With this attribute, nitrogen is
not a limiting nutrient for blugreen algae growth. Diatom algae is unique duésteilica cell
wall structure. This algae requires silica in their metabattivity and is dependent on the
presence of dissolved silica for surviv@ireen algae are the most common algaeir growth
is limited to all the nutrients. The conceptual representation of the change of adhaevisn
Eq.1.21.
0 Qd & "Fidé Q6 OETQEKHAE D 04 QO M wé MR BQDOOIREDS & Q& "Q
Qoo Qi E§dd ©Q (122

DO is thecritical parametem water quality analysis DO calculationsnvolve several
physicaland chemical factors such as solubility, transport, production, and consumption of DO.
The factors affecting chang& DO can generally be divided into two groups: siakd sourcg
as shown in Bgation 1.22. Detailed equation of DO calculation is given in Equation 1.23.
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wherePNx= preference for ammoni WPNxOu gpHT=enasbgf al g a |
DO consume per unit mass of ammonium nitrogen nitrif@CR= dissolved oxygen/carbon
ratio in respiration;K: = reaeration coefficient(ddy; DOs = saturation concentration of
dissolved oxygen (g £m3); SOD = sediment oxygen demand (gr@¥/day); WDO = external

loads of dissolved oxygen (gay).
1.4 Dissertation Organization

Chapter 1 is the introduction that describes the background of the whole study, the study area,
and the description of MINLAKE and EFDC models.

Chapter 2 describes the development of lake eutrophication model MINLAKE2020. Nitrogen,
Phosphorus, DO and infleautflow submodels are included into MINLAKE2012 to develop the
updated version 2020. The model was tested using six lakes with varying characteristics. This
work has already been published as a fpe@ewed journalWater (2021) titled"Simulating
Nutrients and Phytoplankton Dynamics in Lakes: Model Development and Applications."

Chapter 3 includes the comparison eD IMINLAKE2020 and 3D EFDC+ models for three

lakes in Minnesota. The models were compared based on water temperature, DO simulation and
inflow distributions. This work will be submitted to Water journal (2023) for review titled
Comparing 1D and 3D Water Temperature, Ice Cover, aBissolved Oxygen Modeling in

Three Minnesota Laké's

Chapter 4 presents the model development and calibration of EFDC+ model for Cotton Bayou. It
includes the description of the input data, source of calibration data, model calibration
parameters and calibration results for the simulation per{@d#07/2023 2/20/2023 and

05/01/202307/10/2023 for water level, water temperature and DO.
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Chapter 5 focuses on the predictive modeling of the potential restoration techniques using the
model calibrated in Chapter 4. The best restoration technique to resolve the issue of low DO
(which causes fish kill) is selected and discussed here.

Chapter 6 presents the effect of future climate and sea level rise on the existing condition model
(Chapter 4) and the selected predictive model (Chapter 5) for the Cotton-BayglCove area.

Chapter 7 presents a summary of all the findings from Chapter 2 through Chapter 6.
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Chapter 2 Lake Eutrophication Modeling Without/With Inflows -Outflows

2.1 Lake Eutrophication Modeling

Various lake/reservoir water quality models have been developed and applied to
understand the environmental healthfreShwaterbodies. LAKE2K is a oréimensional lake
water quality model which simulates carbon, nitrogen, oxygen, phosphorus, silica
concentrations, and phytoplankton and zooplankton biomass using water balance, heat balance,
and mass balance for the epilimnion, metalimnion, and hypolimnion (three layers) of a lake
(Chapra & Martin, 2004) A two-dimensional hydrodynamic and water quality model,- CE
QUAL-W?2 (originally developedin 1990s)can be usedin rivers, lakes, reservoirs,estuaries,
and even a combinationof river segmentsand multiple reservoirsbut is more suitable for
relativelylong andnarrowwaterbodies(Cole & Wells, 1995)PCLake(1990)is a processased
modelto simulatewaterquality in shallow,non-stratifyinglakesin temperate climate zones with
a uniform daily timestep for processes. The recent version of PCLake, PCLake+ simulates basic
stratification in temperature using mixing depth and two layers: epilimnion and hypolimnion
only (Janssen et al., 2019 FDC is a statef-the-art, versatile modeihat can simulate one
two- or three dimensional flow, transport, and biogeochemical processes in surface water
systems such as rivers, lakes, estuaries, and reservoirs. In Lake PGsiaao et al. (2012)
validatedthe 3D model ELCOM coupled to the biological model CAEDYM with high frequency
measurements to identify the factors (including hydrodyndadtors)which drive the spatial
distributionof cyanobacterian thelake. ThoughEFDCand ELCOMCAEDYM are very flexible
and support a variety of conditions, the complexity of these models makes them difficult to apply
when data are scarce. Each of these mddelslimitations such as modeling for a certain type

of waterbody (PCLake) or certain parameters (MINLAKE2012) or ignoring some physical
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processes (CRUAL-W2 and Lake2K), complexity of the model (EFDC and ELCOM
CAEDYM). In order to improve operational control of algal blooms and management
applications, models are often integrated into warning systems to predictteshort
phytoplankton bloomgo improve operationalcontrol of cyanobacteriablooms (Shimoda &
Arhonditsis, 2016)Forexamplethe EcoTaihumodelhas been integrated into a Windows software
platform to predict algal blooms in Lake Taifhang et al., 2015)rhe PROTECHmModelwas

used to study the effect of an increasein water temperatureand phosphorusloading on

phytoplankton in Lake Winderme(&lliott, 2011)

High phosphorusreleasefrom lake sedimentsis frequently reportedas an important
mechanismdelaying lake recovery after external loading of phosphorus has been reduced
(Marsden, 1989; Philips et al., 2005; Sondergaard et al., 2808udy of 78 stormwater ponds
revealed that more than otterd of the sampled ponds may experience internal loading
(Taguchi et al., 2020A longterm survey of 35 lakes in Euromand North America concluded
that internal release of phosphorus typically continued®t5 yearsafterthe external loading
reduction(Jeppesen et al., 200But in somdakes,the internal release may last longer than 20
years(Sondergaard et al., 2009h shallow lakes, it is common to observe negligible chamge
phosphorus concentrations in lake water even after external load div@igedch & Cooke,

2009) For example, Lake Trummen in Sweden remained hypereutrophic even after 11 years of
sewagediversion (primary source of externghosphorudoading) and theremovalof 1 m of

high phosphorus sedimemduced internal loading dramatica{l/elch & Cooke, 2009)
2.2 MINLAKE2020 -Nutrient Submodel

To provide better lake management and restoration strategies, a deterministic, one

dimensional water quality model MINLAKE2020 was modified from daily MINLAKE2012 by
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incorporating chlorophyl, nutrients, and infloveutflow submodels into the existing regional
yeararound temperature and dissolved oxygen (DO) modtel MINLAKE2020, the
Chlorophylta (Chla) model was modified to overcome the limitations of previous MINLAKE
models. The model can simulate up to three algal groups (diatoms, green algae, -@meebnlue
algae) The algal groups are distinguished by different rates of photosynthesis, respiration,
settling, zooplankton grazing, and different nutrient requirements. Phytoplankton growth
depends on the maximum growth rate of the algae;sa#lfration coefficients for nutrients,
water temperature, solar irradiance, external nutrient concentrations, and the cureent Chl
concentrationPhytoplankton populations are removed from a water column by four processes:
respiration, mortality, settling, and zooplankton grazing. Each phytoplankton population is
assigned a fixed or calibrated respiration rate, mortality rate, and settling rate. Respiration affects
the available phosphorus and iBsolved Oxygen (D) immediately whereas mortality
contributes to theavailable phosphorus and D@ith a time lag through detrital decay. The
MichaelisMentenequationis usedto simulate the effect of Chlconcentration on grazing. It is
assumed that no grazing occurs below a threshold coimicentration

Oe @AOG € I'gd OQQQoI "NREO aE W aYIdiv) Qi 0o Q¢ &
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(2.1)

Algaeneed botmitrogenandphosphorugor growth.However,phosphoruss particularly
importantfor algalgrowth as it is usually in short supply compared to other nutridntsnost
casesphosphoruss knownto be the primannutrientcontrolling thetrophic state ofakesin the
Upper Midwest USA and Canad@illon & Rigler, 1974) Phosphoruaccumulated from detrital

biomass, sediment releas@mdrespirationareusedby phytoplanktonin the presencef sunlight,
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for growth. If it is assumed that nitrogen is in abundant supply, phosphorus becomes the only
limiting nutrient for algal growth (green and blgeeen algae), which is modeled in the
application of MINLAKE2020. Uptake depends on the maximum growth rate, light limitation,
nutrient limitation, Ché concentration at that time, and the yield ratigphbsphorudo Chk.
Thedifferential equationrepresentingoluble Reactive Phosphoru8RP fate andtransportin a

layeris givenasEquation2.2

6@ e "@OOC i i 6i0QQQ6 I WEEDO0QOT MODGHBQI QA OO QE &
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(2.2)

Aquatic organisms anfish depend on the availability of DO in the waterbdd® is added to a

water layer through diffusion and photosynthesis; and is removed by respiration of algae and
zooplankton, detrital decay (BOD), sediment oxygen demand (SOD), and nitrification. The
surface reaeration can add or remove DO depending on whether surface DO is less or greater
than saturated DO (a function of surface temperature and lake elevation). Phytoplankton
(modeled as Ch) growth can add DO to the water layer through photosynthesis to the point
where water could be supersaturated with DO in some cases. These dynamic processes can
happen over time scales of less than one day (the time step of the MINLAKE2020 simulation).
Therefore, the model outputs DO profiles as an integration of different physical (e.g., mixing),
chemical, and biological processes over the day. DO removal from the water layer through
phytoplankton respiration is simulated to occur at a constant rate throughout the day while
photosynthesis occurs only during theurs with solar radiation. In MINLAKE2020, the
adjustments for low DO levels on SOD, BOD, and algal respiration follow Edwards and

Owe n &dwsrds & Owens, 1963prmula. SOD is calculated for each layer, and it is treated
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as a sink term in the ordimensional (vertical) transport equati¢Thomann & Mueller, 1987)
Oxygen uptake of the sediment depends on the area and composition of bottom materials in
contact with tle water(HendersorSellers, 1984) The differential equation representing DO

dynamics in a layer is given as Equatibi
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2.3 Modeled Lakes

In this study, six lakes (Table-D) were selected for model calibration, sensitivity
analysis of model parameters/coefficients, and understanding the internal dynamics and cycles of
nutrients over multiple years lakes with different stratification and trophic characterista®
shallow lakes (Pearl and Carrie), two medidapth lakes (Riley and Thrush), and two deep
lakes (Carlos and EImo). The maximum depths range from 5.6 to 50.0 m. All six lakes are
located in northeastern Minnesota since they have the necessary data for thé&/stildgr data
were provided byhe weather stati@nearest eacltake: St. Cloud Regional Airport for Pearl,
Carrie, and Carlos lakes; Duluth International Airport for Thrush and Riley lakes; and
Minneapolis/St. Paul International Airport for LaEémo. The geometry ratioGR = A’ ?¥Hmax
As in m* and Hmax in M being the surface area and the maximum depth of the lake) is a
important characteristic parameter of a lake related to stratification, lake habitéGtetan et
al., 1996) The lake geometry ratifor the lakes variebetween 0.75 and 7.5Bower lake GR
generally indicates stronger lake stratificatidmo mediumdepth (6 m <Hnax O 2 O(Stafan
& Fang, 1994) and two deep lake$ihax> 20 m,(Stefan & Fang, 1993 selected for the study
are strongly stratified (geometry ratio less than 3), one medepth and one shallow lake are
weakly stratified (geometry ratio between 3 and 10). Base@hdam PearlLake CarrieLake
and RileyLake are eutrophic (mean @ 10 pg/L (NAS and NAE, 1973) Lake ElImo and
Lake Carlos are mesotrophic lakes (meanadtgtween 4 and 10 ug/NAS and NAE, 1973)
and ThrusH_akeis an oligotrophic lake. The nutrient model was calibrated and validated based

on available measured water temperat@ela, phosphorus and DO profile data on particular
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days, downloaded from the Minnesota Department of Natural Resources (MN DNR) LakeFinder

website https://www.dnr.state.mn.us/ lakefind/index.html

Table2-1 Characteristics of Six Study Lakes in Minnesota

Surface Max. Geometry Mean Numberof
area, As, depth Ratio Chla Trophic Simulation  profile days

Lake  (km®) Hmax (M) M5 (e g/ Status Years (data points)

Pearl  3.05 5.55 753  16.91 Eutrophic 20102012 15 (134)
Carrie  0.37 7.90 3.12 6.71 Mesotrophic 2007 2010 36 (342)
Riley  1.19 14.9 222 2400 Eutrophic 19851987 16 (148)
Thrush  0.048 14.63 1.01 1.71 Oligotrophic 2008 2015 18 (100)
Elmo 1.039 42.63 0.75 4.45 Mesotrophic 1989 2009 70 (864)

Carlos 10.54  50.00 1.15 3.84 Oligotrophic 2008 2015 54 (308)

2.4 Model Calibration

For the application of MINLAKE 2020 to the six study lakes, the temperature model was
calibrated first and then the nutrient model was calibrated. Temperature model calibration
ensured that thermal and mixing dynamics were modeled accurately because water temperature
and mixing dynamics directly affect nutrients, chlorophyll, and zooplankton processes. The wind
sheltering and the multiplier for diffusion coefficient in metalimnion are the main calibration
parameters for temperature modeling. Although MINLAKE2020 has an integrated nitrogen
model, for this study, only phosphorus was simulated since phosphorus is the limiting nutrient in
these six lakes. Green algae and {gteen algae were simulated separately and then combined
to represent the tot&lhla concentration. The MINLAKE2020 development also included the
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inflow and outflow subroutines from MINLAKES87, which were tested/verified to ensure they
function appropriately; however, the inflow/outflow function was not activated for the simulation
of the six study lakes (Table 2.1Jmited inflow and outfloware availabldor Carrie, Pearl, and
Carlos Lake(Engel et al., 2012; Engel et al., 201@flows in the other three lakes are
negligible and inflow water quality data (nutrients and phytoplanktonare scarce. The
approximation of not inflow/outflow is appropriate since the study objective is to
examine/understand the internal dynamics and cycles of nutrients over multiple years in six lakes

with different stratification and trophic characteristics.

Figure 21 shows an example of the calibration results of water temperature and DO time
series at two depths (b and 7 m) at Lake Carrie including measured data. Duringi2008,
Lake Carrie had measured water temperature and DO profile data for 36 days or 342 data points
in total. MINLAKE2020 simulated water temperature and DO witto@ mean square error
(RMSE) of 1.789C and 1.95 mg/L, respectively. Corresponding regression coefficients of
measured versus simulated 2(Rare 0.99 and 0.93, respectively. The statistical results
summarized in Table-2 show that for the six lakes, MINLAKE2020 model performed better
than MINLAKE2012 (RegDO model) especially for DO simulations, when simulated profiles
were compared with observed profiles. The main reason for this improvement is the simulation
of Chla concentration on daily time step rather than using the specified pattern of observed data.
Table 2.2 shows the model performance improved significantly with the MINLAKE2020
(NCDO model) in Carlos and Thrush lakes. The average RMSE of DO simulations in six lakes
from MINLAKEZ2020 decreased by 24.2%, and average Nagbliffe efficiency (NSE)XNash
& Sutcliffe, 1970)also increased with respect to MINLAKE20XZhla concentration affects the

solar radiation attenuation in the water column and then affects water temperature simulation as
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shown in Table 22 even though the average RMS¥ESE, andR? for temperature (regression

coefficient of measured versus simulated) from the two models are almost the same.

a) Temperature results at Lake Carrie in 2008-2010
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Figure2-1 Time series of simulated a) water temperature and b) DO at two depths in Lake Carrie

in 2008 2010.
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Table2-2 StatisticalParameters foBix Lakes(SimulatedProfiles wereCompared with

Observed

NCDO Model (MINLAKE2020)

Water Temperature

Dissolved Oxygen

RMSE
Lake Name RMSE?(°C) NSEP R2¢ NSE R?
(mg/L)
Lake EImo 0.98 0.98 0.99 2.02 0.70 0.92
Lake Carlos 1.66 0.83 0.97 2.39 0.61 0.90
Riley Lake 1.50 0.50 0.98 1.79 0.80 0.93
Thrush Lake 1.88 0.70 0.95 2.43 0.40 0.92
Carrie Lake 1.75 0.68 0.99 1.95 0.70 0.93
Pearl Lake 1.30 0.87 0.97 3.42 -0.12 0.87
Average + STDY  1.51+0.33 0.76+x0.17 0.97+0.01 2.33+0.59 0.52+0.34 0.91+0.02
Lake Name RegDO Model (MINLAKE2012)
Lake ElImo 1.03 0.98 0.99 1.89 0.70 0.92
Lake Carlos 1.52 0.85 0.98 4.15 -0.19 0.85
Riley Lake 1.55 0.5 0.98 2.61 0.55 0.91
Thrush Lake 2.01 0.69 0.95 291 0.1 0.92
Carrie Lake 1.76 0.64 0.99 1.98 0.69 0.94
Pearl Lake 1.04 0.97 0.98 3.30 0.01 0.89
Average + STD 1.49+0.39 0.77£0.19 0.98+0.0z 3.08+1.11 0.11+0.69 0.90+0.03

47



Note:27 RMSE stands for Root Mean Square ErférNSE for NaskSutcliffe Efficiency(Nash
& Sutcliffe, 1970) ¢ R? stands for regression coefficient of measured versus simulat&iD

for Standard Deviation.

For Chla simulation ofthe six lakes, RMSE ranges from 0.0006 to 0.0276 mgigure
2-2(a) shows an example comparison between simulated @HNCDO model and specified
Chla from RegDO modefor Lake EImo. From 1980 to 2018, there were 74 days in 10 years
with measured temperature and DO profiles (1506 data points) for model calibration but no
profile data in 2007 and 2009. The average chlorophyll concentration was 0.0075 mg/L in 74
days but 0.0036 mg/L over 10 days in 2008. Even though there were no profile data in 2009, we
identified someChla data in 2009 as shown Figure 22(a). MINLAKE2012 uses the annual
meanChla concentration and seasonal variation patt¢Fasg & Stefan,1994)(depending on
trophic status) to specify daily Ghfor DO simulation. Therefore, the RegDO model had higher
Chla in 2007 and 2009 due to the lack of available profile data in these two years whereas the

NCDO model predicts th€hla reasonably welin 2008 and 2009 when comparing with data.
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a) Chlorophyll-a at Lake Elmo in 2007-2009
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c) DO (bottom) at Pearl Lake in 2010-2012
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Figure2-2 a) Simulated (NCDO model and RegDO model) and observeainehl the surface
in Lake EImo in 200172009, b) and c) simulated and observed DO near the surface (1 m) and

bottom (5 m) in Pearl Lake in 2002012, respectively.

Some lakes such as Lake EImo and Carrie Lalkblé 22) do not exhibit a noticeable
change in simulated DO concentrations based on the model used for simulation. Some lakes,
e.g., Pearl Lake, exhibit a noticeable change in simulated DO concentration depending on the
model (RegDO or NCDO model)Figure 22(b) and (c) show the time series of DO
concentrations simulated by the NCDO model and Regi2@el including observed DO at the
surface (1 m) and near the bottom (5 m) of Pearl Lake inf2W12, respectively. The RegDO

model somewhat ovairedicts surface DO concentration, but the NCDO model umebglicts
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surface DO. The RegDO model oyaedicts DO at the bottom layer. When BOD is simulated,

the winter DO decreases predicted by MINLAKE2020 are smaller than that predicted by
MINLAKE2012 (when BOD is specified as a part of the model inputkere are a limited
amount of measured phosphorus data to compare to model simulations results, and so this
parameter should not be used to judge model performance. However, there are sufficient
measured DO data to compare to simulated DO and thus DO is an appropriate parameter to judge

overall model performance.
2.5 Results and Discussion

2.5.1 Chbrophyll-a and Phosphorus Profiles

Lake Elmo was extensively monitored in 1988 by the Metropolitan Coah&t. Paul,
MN (Osgood 1989and had measured phosphorus concentration data at five depths (0, 8, 16, 24,
and 32 m) and DO data at 31 depths for open water season. The comparison between simulated
and observed concentrations €@inla, phosphorus, and DO on three days in 1988 is presented in
Figure 23. SincelLake Elmo is a deep lake and solar radiation cannot penetrate below the
euphotic zone, th€hla concentration becomes zero in the deep layers. On Aptjl 11988, the
lake wasmore, or less well mix&andphosphorus concentration did not vary much throughout
the depthDO concentration gradually declined alonih depth due to the contribution of more
sink terms Equation 2.3), however, slope was not steepn the profile plot The Chla
concentration is highest at the surfagih little variation throughout the depth. On "%18viay
1988, stratification increadeand simulated DO at the bottom is near zero. MagimumChla
concentratioroccursat 8 m depth from the surface. The phosphorus concentration is mgher
the deeper layers because of detrital decay and phytoplankton respiration! Octdl®er 1988,

phosphorus near the surface layeas consumed bphytoplankton for growthand the lake
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became strongly stratified The bottom layers of the lake l@@ne anoxic and phosphorus
releasd from sediment contributeto the higher phosphorus concentration at deeper depths

increagng along with depth from metalimnion and hypolimnion.

Chlorophyll-a (mg/L) Phosphorus (mg/L) DO (mg/L)
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Figure2-3 Simulated (line) and observed (dots) Chla, phosphorus, and DO profiles for Lake

Elmo on a) 11 April, b) 18 May, and £ October 1988.

2.5.2 Chlorophyll -a and Phosphorus Interaction

Figure 24 andFigure 25 show examples of simulated time series of PaChahd DO

with observed data for a deep lak&aKe EImo) and a shallow lake (Carrieake), respectively.

Figure 24 shows simulated and observed &€bhd phosphorus at three depths (at 1 m, 20 m,

and40 m from the surface) of Lakélmo from 4-16-2007to 12-31-2009 This is a continuous
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two yearsimulation including two opewater seasons and two ice cover periods, wiidhe

first time MINLAKE has been used for a simulation over this timesphe first simulatioryear

can be considered-upotpanisoeéntw) tlor pdwanimi al | vy
results due to the assumed initial conditionsor examplethe low phosphorusoncentration

from the water surface to 20 m during the open water se&sguré¢ 25(a) andFigure 25(b)).

The simulated ice covegreriods werdrom 12-5-2007to 4-16-2008 12-7-2008to 4-10-2009for

Lake ElImo, whicharemarked by blue shaded regidng-igures 25(a) and 25(b).
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Figure2-4 Simulated and observéthla, phosphorus, an®O concentration at a) 1 m, b) 20 m,
c) 40 m depth from the surface at LdKenoin 2007 2009 (blue shaded area represents the ice
cover period). The scale for the major y axis in ¢) is larger than one in a) and b).
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Near the water surface (1 m), DO concentratiese near saturation as a function of
temperature (lowest DO in the middle of summer) and hfrgen 6.69 11.13 mg/L. From late
October to late November, before loeganforming at the surface of the lake, phosphorus at the
surface anchearsurface layerdeganincreasng due to more mixing and fall overturns. This
increase is more evident in 2007 when phosphorus was low in the summer. During the ice cover
period, the phosphorus concentration at 1 m and 2@hilizedas photosynthessoweddue to
nearzero water temperatwseand reduced suight (attenuated by snow cover). After the ice
melted in late spring, snulated phosphorus concentrations at inareasd for a brief period
due to spring overturreforedecreamg asphosphorusvas utilizedby phytoplankton.During
the early summer (May) of 2008 and 2009, simul&é&th concentratios increasd gradually

from 0.0016 mg/L to a maximum of 0.0033 mg/L (observed on Jufie 15

At the deep layers (e.g., 20 and 40 m), DOabeeanoxic during the summer at deep
hypolimnion sincd.ake Elmo wasstrongly stratified. Anoxic periods at 20 m and 40 m were on
average 12 days and 210 days per year from 2007 to 2009, respectively. In the deeper layers, in
addition to detrital decay and phytoplankton respiration, sediment release could add up to the
available phosphorus. Since thewas a long period of anoxic condition at 40 m during the
summer, early fall, and some part of the ice cover period, phosphorus release from sediment
contributel to a major portion of phosphorus increase. Phosphorus peaks in deepest layers were
simulated to occur just after the anoxic condition esh@nd before the fall or spring
mixing/overturns. These overturns sharply redugkosphorus in very deep layers (e.g., 40 m)
and increas phosphorus in other shallower layers. The calculated euphotic @Wegth m for

the simulation period; therefore, themas no photosynthesis below this depth and simulated
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Chlawaszero at 20 m and 40 m. Ghiks typically measured near the surface; therefore, there is

no measured Calat the deep depths to compare with simulated values.

Figure 25 shows simulated and observed P, &land DO at two depths (at 1 m, 7 m
from the surface) of Carrie Lake from™@pril 2007 to 3% December 2009. The calculated
euphotic depth rangefrom 3.75 m to 4.23 m from the surface; therefore, thea@las zero at
the bottom layers (e.g., 7 m). Phosphorus release from sediments due to anoxic conditions under
the ice cover periods for both 2008 and 2009 winter was not only at 7 m but also at 1 m (does not
happen in deep lakes like Lakémo) and triggered algal bloom at 1 m in early summer of 2008
and 2009 (after ice melting). During the summer of 2008 and 2009, the concentration of DO
gradually increaskat the surface, and sediment phosphorus release detvdash resuledin
a gradual decrease in phosphorus concentration. The DO concentration deaidaskepth
because oho photosynthesis the deeper layers (below the euphotic zone) plus sedimentary
oxygen demands. Simulated DO at 7 nd kame fluctuations in the summer of 2008 and 2009
due to short period strong mixing and results in anoxic conditions only in a few days. The
simulated high phosphorus concentrations directly corregabtudthe simulated anoxic DO

conditions in the 2008 and 2009 wintefsgure 25(b)).
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Figure2-5 Simulated and observéthla, phosphorus, an®O concentration at a) 1 m and b) 7
m depth from the surface at Carrie Lake in 2@D09 (blue shaded area represents the ice cover

period).

2.5.3 Long-term Simulations Using MINLAKE2020

West and StefarfWest & Stefan, 1998performed a multiplgrear simulation (same
calibration parameters) using MINLAKE98 for Lake Riley drake EImo. For Lake Riley, a
different set of calibration parameters was needed for different years whereas, for Lake EImo, the
model could simulate successfully for 198990 with the regression coefficient for temperature
and DO as 0.91 and 0.79, respectively. For a simulation ofi 1989 using the MINLAKE2020
NCDO model, the regression coefficient for temperature anda@®.9944 and 0.9715 against
146 profile data points, respectively. Simulated phosphorus aradcGhtentrations at different
depths were satisfactory as well. MINLAKE2020 performed well for mulyelar simulation

allowing the user to simulate 20 consecutive years with the same calibration parafgtees (
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2-6). For a 3Byear simulation (1982009) using the MINLAKE2020 NCDO model, the
regression coefficients for temperature and &©0.9888 and 0.9419 against 864 profile data
points, respectively. The simulated &laind phosphorus matetireasonably well with observed
values with the same trend. Moreover, the phosphorus ardc@htentration at five simulation

depths (1 m, 8 m, 12 m, 20 m, and 30 m) matched well with the available observed data.

a) Chlorophyll-a at Lake Elmo in 1989-2009

b) Phosphorus at Lake Elmo in 1989-2009
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for long-term simulation of Lake Elmo from 1989 to 2009.

From 1989 to 1996, both phosphorus and chlorophyll seasonal variations were reasonably
stable. Phosphorus started to increase from 1997 and matched with observed data from 2004 to

2007. The average daily phosphorus was 0.0071 mg/L from 1990 to 1996 and .0158 mg/L from
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1997 to 2009. Comparing these two periods, the average daily phosphorus increased by .0087
mg/L. As phosphorus increased, it resulted in some higher peaks in spring algal blooms as shown
in Figure 26(a). The phosphorus increase tremes caused by the increase in phosphorus
release from the lake sediment which is related to the anoxic condition in lakes. Therefore, the
phosphorus release for each layer (the last term in Equation 7 times the layer volume) and then
each day (sum for all layers) was added together for the annual phosphorus release amount. From
1990 (excluding 1989 for the initial condition effect) to 1996, the average yearly sediment
phosphorus releaseas151.8 kg (21.27 kg of standard deviation) but from 1997 to 2009 average
yearly sediment phosphorus releases244.1 kg (53.28 kg of standard deviation). The average
annual phosphorus release increlaby 60.8%. Figure 26(c) shows the time series of the
simulated DO at 41 m (1 m above the deepest lake bottom) from 1989 to 2009 and clearly shows
many anoxic days in the open water seasons and the ice cover periods, whied nesult
phosphorus release from sediment. From 1990 to 1996, the average anoxiadags but

from 1997 to 2009 average anoxic dayas253 (34 days of standard deviation). An average of

25 days more of the anoxic conditivas the major cause for the phosphorus increase trend.
2.6 MINLAKE2020-Inflow Outflow Description

MINLAKE2020, as described irsection2.2, has an inflowoutflow submodel which
allows the user to specify flow, temperatuamd nutrient concentrations for maximum five
inflows/outflows. Limited inflow and outfloware availablgor Carrie, Pearl, and Carlos Lake
(Engel et al., 2012; Engel et al., 2010flows in the other three lakes amegligible and inflow
waterquality data(nutrients and phytoplanktomye scarce Lake Carlos, Peral Lake and Carrie
Lake has been simulated using the observed infloflow, and Lake Elmo, Trout Lake and

Riley Lake has been simulated using hypothetical inflows.
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Inflow and outflow are very important for lake processes, especially if the lake is
receiving considerable amount of flow or wastewater discharge. The infithew subroutine
simulates variations in stage throughout the season. The inflow must be in terms of water
volume, the temperature of the inflow and concentrations of other state variables. The outflow is
simply read in as a negative inflow with zero for the concentration of other state variables. The
inflow-outflow subroutine computes to determine that the mass of water and other state variables

are conserved. The inflow can be to any layer depending on the density of the inflowing water.

The inflow density usually differs from the density of the lake water surface, so the
inflows enter and move through reservoir as density currents. A density current is defined as a
gravity flow of liquid or gas through, under or over a fluid of approximately equal density.
Contrary to normal fluid flows, in density flow, buoyancy of the surrounding fluid reduces the

gravity force by the normalized density diffe

2.4)

where}in is the density of the inflow anghix is the density of the lake water. Depending upon

the density difference between the inflow and lake, density currents can enter the epilimnion,
metalimnion or hypolimnion. When the inflow density is less than the wgatésce density, the

inflow will flow over the lake water; this is called overflow (Figur&’R This usually happens
during spring when the inflowing river water is warmer than the lake water. If the inflow density
is greater than the density of the water surface, the inflow will plunge beneath the water surface
(Figure 27). The position of the plunge point is highly dynamic and changes with both flow and
density. The location of the plunge point is more sensitive to changes in flow than to changes in

the magnitude of the density difference between the inflow and lake surface water (Ford and
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Johnson 1980). After the inflow plunges it can follow the old river channel as underflow.
Entrainment of reservoir surface waters into an underflow result from turbulence generated by

bottom roughness.

PLUNGE poiNT

Figure2-7 Schematic diagram representing how inflow incorporates into lake flow.

The density interflows occurs when a density current leaves the river bottom and
propagates horizontally into a stratified body of water. Interflow moves through a lake at a level
where the interflow and reservoir densities are similar. Interflows occur when inflow
temperatures are less than the water surface temperature and greater than the hypolimnetic water
temperature. The level at which an intrusion moves through the reservoir usually depend on the
change in inflow densities. Entrainment into an interflow can usually be neglected because the

density gradient in the metalimnion creates strong buoyancy forces that inhibit mixing.

Due to density difference between the inflow and the ambient water, the water is
entrained from the previous layers. Recent studies have indicated that mixing from
meteorological forcing can entrain the inflow constituents into the surface waters (Ford et al.

1980). Based on the inflow density and density current of each layer, the entrainment to or from
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each layer is calculated (depending on the deepest layer at plunging point). Depth of plunging

point is calculated by

Q ppz — i v Y oe@oexpm  (2.5)

Q p®z — H pqe Y e oxp T

Here, R is the plunging depth,ods volume of inflow before plunging, S and f is the slope and
Manningds roughness of the inflow channel
layer below the plunging point, the entrainment from a layer into density current is calculated

using the following equation@&kiyama & Stefan, 1987)

QQ p&YXLpTT Q (2.6)
Qo 27 2.7)
o minpYar S 2 — (2.8)
00 zZWQ® (29)

For the layers above the plunging point,

(2.10)

QE is the entrained flowz is depth,V(dc) is the volume of density currenthe volume and
concentration of the state variables in the receiving layer are adjusted based on the ambient

conditions and the volume and concentrations of the water added.
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Y QR0 (2.11)

0 Q0 0 QN0 0 '0Q (2.12)

Here,Qin (iw) andTin(iw) is the flow and temperature of inflow, T2(i) is the temperature of the

entrained flowQE(i) is the entrained flow in the selected layer.

“X ‘00 0 . (2.13)

IPL is index of layer receiving the interflow/(dc) is the volume of water in density current,
V(IPL) is the volume of water in the receiving lay€R(IPL) is the final temperature in the layer
which is receiving inflow. The new concentration of each state variable in the layer is the volume
weighted average of the initial concentration in the layer and the concentration in the inflow. A

layer thickness check is also included with the inflmwtflow subroutine.
2.7 Results forl nflow-Outflow Submodel

Among the study lakes, onlyake Carlos, PearLake and Riley Lakehave inflow data.
Lake Carlos has flow, water temperature and phosphorus input data from two inflow sources:
Lake Darling and Lake Le Homme Dieu and one outflow: Long Prairie River. The inflow and
outflow data were collected by USGS for a period of 3/25/2010 to 11/08/2010. As mentioned in
section 26, inflow can be mixed as overflow, interflow or underflow. Figur8 2hows the
impact of inflow on water temperature of Lake Carlos. Water temperature did not differ much in
the surface layers when the inflow was added. The inflow was treated as interflow, and it got
mixed with the lake water in the middle layers. So, the water temperature shows noticeable

difference from April to October of 2010 as a result of inflow mixing. The addition of inflow
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into the Lake Carlos model improved the model performance, reducing the RMSE frof& 1.66

to 1.46C.
Lake Carlos Water Temperature in 2010
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Figure2-8 Lake Carlos water temperature at 16 m and 30 m from the surface using

MINLAKE2020 (without inflow) and MINLAKE2021 (with inflow)

For Lake Elmo, Carrie and Thrush, a hypothetical scenario has been simulated. It was
assumed that the lakes have three inflows and one outflow: inflows of 20, 40 and 60 cfs and
outflow of 20 cfs. The inflow temperature was calculated as a function of air
temperaturé{a)using equationy 6 &Y 6 & (Chen & Fang, 2015he inflow BOD and
DO was set as 11 and 10 mg/L, respectively. For Lake ElImo, we assumed that all the inflows
have aphosphorusoncentration of 0.006 mg/L. Figure®2shows the change phosphorus

concentration due to the inflow.
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Lake Elmo P concentration at the Surface
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Figure2-9 Lake EImo simulated phosphorus concentration using MINLAKE2020 (without

inflow) and MINLAKE2021 (with inflow)

2.8 Conclusion

A onedimensional daily water quality model MINLAKE2020 was developed,
incorporating phytoplankton, zooplankton, nutrient, and BOD simulation into the
MINLAKE2012 model, which simulated daily temperature and DO. The infotflow sub
model was added into MINLAKE2020 and the updated version is MINLAKE2022.
MINLAKE2020 and MINLAKE2022 were applied to six Minnesota lakes with varying
characteristics in terms of depth (two shallow lakes, two mediepth lakes, two deep lakes)
and trophic status (two eutrophic, two mesotrophic, and two oligotrophic lakes). The simulated
water temperature, DO, Ghland phosphorus time series and profiles were compared with
available observed data in 113 days for two to four years. Simulation results from the

MINLAKE2020 and MINLAKE2022 model provide the following conclusions:

1. MINLAKE2020 was calibrated against measured profiles in six Minnesota |aledxe(
2-2) for short term (R4 years) with an average standard error of "CHr temperature and 2.33

mg/L for DO. The average standard error for DO simulation of these lakes decreased by 24.2%
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from the original MINLAKE2012 model, which indicates better model performance. DO results
reflect/integrate reasonably simulated phosphdZirdg, and BOD results at different layers (see

Figures 23 to Figure2-6).

2. The addition of phosphorus and @himulation for MINLAKE2020 improved model
performance in comparison to MINLAKE2012 where &Was specified input. It greatly affects
the DO concentration in some lakes such as Pearl Lake (FigRikeThrush Lake and Carlos
Lake also showed significant improvement in DO simulation with MINLAKE2020. The standard

error decreased by 2.12 mg/L and 1.76 mg/L for Thrush and Carlos Lake, respectively.

3. The deep lake simulations exhibit a certain yearly trend for phosphorus aad Chl
whereas the shallow lakes might manifest a significant yearly change in phosphorusand Chl
concentration year by year due to two overturn periods (complete mixing) and the complex
interactions/connections among phosphoi@kla, and DO (Figure 2 and 25), which are

evident through governingquationsand processes simulated.

4. DO concentration ighe primary control of internal loading via anoxic release of
phosphorus from the lake sediment. MINLAKE2020 was applied to Lake Elmo foryaa20

(1989 to 2009) continuous simulation with a single set of calibration parameters with regression
coefficients of 0.99 and 0.94 for temperature and DO profiles, respectively. The simulation
revealed an increasing trend of surface phosphorus from 1997 to 2009, agreeing well with the
observed trend. This trend is directly related to sediment phosphorus release. The average yearly
sediment phosphorus release increased from 151.8 kg ifi 198® to 244.1 kg in 1992009.

This increase is caused by the average 25 days increase in the anoxic condition at the bottom

depth (41 m).
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5. Inflow has a significant effect on lake water temperature and water quality. Based on the
density difference between the inflow water and lake water, inflow either get mixed into certain
layers (Figure B) or simply treated as overflow. The nutrient input entering through the inflow

greatly affect the nutrient ar@hla concentration in the lake.
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Chapter 3 One- and Three-Dimensional Hydrodynamic and Water Temperature Modeling

Comparison

3.1Introduction

Eutrophication and anoxia are unresolved issues in many freshwater systems. High water
temperature and low DO concentrations in freshwater are a global cqStefanidis et al.,
2022) and many aquatic ecosystems are suffering because of these conditions. Lack of oxygen
can have negative effects on fish and other lake biota including reduced respiration rates,
diminished reproductive activity, forced changes in habitat location, and ultimately reduced fish
populations(Jiang & Fang, 2016; Jiang et al., 201&$ a result, water quality restoration is an
important concern for many lake managers. Lake modeling is a useful tool to predict lake DO at
a future time. Researchers are using lake models to simulate water temperature and DO in lakes
to identify DO trends, leading to the development of numerous models. Over the past few
decades, severatdimensional (4D), 2-D and 3D lake models have been developed and used to
simulate hydrodynamics, temperature and water quality parameters in lakes and re&eoi®irs

& Wells, 2004; Hamrick, 1995; Tasnim et al., 2021)

1-D coupled hydrodynamic and water quality models (e.g., MINLAKE, DYRESM, and
GLM) have been adopted to simulate thermal stratification dynamics andqualdy variables
such as DO and nutrient concentrations with adequate accuracy in many wate(Awmdiesen
et al., 2022; Mesman et al., 202Q)D models are widely usedmberger& Patterson, 1989;
Tasnim et al., 2021due to their low number of required input parameters and small computation
time. Models with higher dimensionality @ and 3D models) provide increased detalil
regarding hydrodynamic effects, spatially varyimjow, and transport mechanisms, such as

density currents at river inflow locations:C8B models provide the greatest hydrodynamic and
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waterquality resolution butrequire larger computational effort for simulation time and output
storage. Some researchers have successfully coupleeDttmogiel ELCOM with the ID model
CAEDYM to simulate nutrient and phytoplankton dynamics in laiearraro et al., 2012;
Romero et al., 2004)'he 3D model EFDG has been extensively used for hydrodynamics and
water quality simulations because of its continuous development, computational accuracy, and

flexibility (Chen et al., 2015; Devkota & Fang, 2015)

The main difference between coupled hydrodynamic/water quality mizditle spatial
dimensions considered in the model. Model selection depends on modeling goals, desired
accuracy, and the location and characteristics of the waterbody. Sometimes, important
information/process might be overlooked by one model. As a result, selectingstn@odel for
a waterbodycan bechallengng. To aid in model selectioseveralstudies have compared the
performance omodelshaving similar or differing spatial dimensions. For example, the Lake
Model Intercomparison Proje¢Btepanenko et al., 2016pmpared the performance of different
1-D models for a number of reference lak&epanenko et al., 2013; Thiery et al., 2014)
Mesman et al(Mesman et al., 2020dompared the performance of thred® lhydrodynamic
models (Simstrat, GOTM, GLM) during storms and heatwaves. Yao €Yadb. et al., 2014)
compared four dynamic-ID lake models for ice and temperature simulations in Harp Lake in
Canada. The MINLAKE model performed well for the comparison studies where it was tested
(Stepanenko et al., 2010; Yao et al.,, 20IMe selection of higher dimensionality does not
always produce better simulation res\fltgells, 2020) DeGasper{DeGasperi, 2013jompared
the performance of GRUAL-W2 (2-D) and CH3DZ (3-D) in simulating the water temperature
of Lake Sammamish in the USA. Both models produced similar results with slightly better

performance statistics for the2 model. This might happen because of the higher sensitivity of

67



the 3-D model to certain parameterand model output location and dep#.-Zubaidi and
Wells(Al-Zubaidi & Wells, 2018) evaluated the capabilities of GRJAL-W2, and a three
dimensional adaptation of the same software known as-QQEL-W3) in modeling
temperature stratification in Laurance Lake, Oregon, USA. The predictions of both models were
in agreement with measurements, but to run ti® rBodel was 60 times more expensive in
terms of computational time. Ishikawa et @khikawa et al., 2021ompared hydrodynamic
simulations of 1D (GLM), 2-D (CEEQUAL-W2) and 3D (Delft3D) models, concluding that
higher dimensionality produced better results. Man etMan et al., 2021)ompared 1D

(GLM) and 3D (Si3D) models for shallow reservoir water temperature and DO simulations.
They recommended using theDlmodel for help with calibration but using3 model for

simulating thermal stratification and management interventions.

Choosing a model based on dimensionality usually depends on the objectives of the
study, the water body characteristics, and computational cost and time. A direct comparison of
modeling results using-D and 3D models may be helpful in identifying relative advantages
and disadvantages of the two models in a quantitative manner. In numerical simulations, both
temporal and spatial resolution are very important. Lower spatial resolution may fail to simulate
hydrodynamic processes correctly or resolve bathymetry for waterbdtiesaim of this study
is to quantify the relative advantages eDland 3D coupled hydrodynamic and water quality
models and analyze ice cover and temperature dynamics simulated by the. noedets/er,
water temperature, and DO simulations are analyzed in three lakes in Minnesota: Pearl Lake
(shallow); Trout Lake (medium depth), and Ldkarlos(deep) using the-D model MINLAKE,

and the 3D model EFDC+.
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3.2Methods

3.2.1. Models Used

For this study, the Minnesota Lake Water Quality Management Model (MKE)A
(Riley & Stefan, 1988yvas selected as thel model because of its demonstrable efficiency and
recent developmenfThe MINLAKE model has been modified several times and has been
successfully used for more than 30 years to simulate water quality parameters in different types
of lakes. MINLAKE can reproduce selected constituent data to a relatively high accuracy
(Batick, 2011) The latest version of MINLAKE, MINLAKE202@Tasnim et al., 2021b% used
for this study since the model is capable of simulating water temperature and other water quality
parameters, as well as snow and ice cover during winter pehtNé.AKE2020 was used to
simulate water quality in six Minnesota lakes of different characteristics in (d@2&him et al.,
2021b)whichis discussedn Chapter 2The 3D Environmental Fluid Dynamics Code (EFDC+)
model was selected for its computational accuracy and ability to perform a variety of water
guality computationsin the past decade, EFBChas been extensively used to predict algal
blooms in lakes, rivers and reservoirs as well as in urban constructed (idnasg et al., 2017,
Kim et al., 2017; Song et al., 2019; Wu & Xu, 2011; Zheng et al., 2@2t)example, the lower
section of Han River in South Korea experienced a severe algal bloom in 2015, antl E&OC
used to understand algal dynamics in this system. Kim(20a&l)found that at least three algal
groups need to be simulated to attain good Chla calibration accuracy for the study area. Zheng et
al (2021) used EFD@&@ combined with LongShortTerm Memory (LSTM) modeling (an
artificial neural network modeling approach) to extend-poat data obtained by a single

instrument to the entire 249 ha water area of their study domain on the BeiYun River in Beijing,
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China, to predict harmful algal blooms (HABs}YD3EFDC+ models have also been used for
assessing the risk of hazardous matef(idisang et al., 2017}he effects of submerged aquatic
vegetation in internal loadin@un et al., 2022)ishway planning and constructi¢gS8ong et al.,

2019) eutrophication in urban pon@lsuo & Li, 2018), and other predictive scenarios.

3.2.2. Ice Modeling Algorithms inMINLAKE and EFDC+

The ice and snow algorithm in thelNLAKE model was originally developed by Gu and
Stefan (Gu & Stefan, 199Q)and revised and improved by Fang et (fdang et al., 1996)
MINLAKEZ2020 uses a full heat budget equation to estimate surface cooling, quantifies the effect

of forced convective (wind) mixing, and includes the latent heat removieg higrmation:

~

w o 0 — (3.1)

Here,}iis the density of ice (kg/f ais latent heat of fusion of ice (kJ/kg),{is the change in ice
thickness (m)hsais bulk heattransfer coefficient (snow/air interface),andUs are ice thickness
(m) and snow thickness (m), respectiva@ljpermal conductivity of ice and snow are represented by
ki and ks, respectively (W/niC), Tm is temperature at the bottom of ice layer’Q), Ta is air
temperature®C), kw turbulent conductive heat transfer coefficient (kcal/éfaym), anddT/dzis the
water temperature gradient near thewader interface®C/m). The solar radiation penetrating the

lake water below the ice is calculated by:
Y Yp i p Il pT p | AGD-1 AOD- (3.2)

Rw is the solar radiation penetrating the lake water below the ice (LangleyRiag)the total
incoming solar radiation flux reaching the snow surface in winter or water surface in summer

(Langley/day) bi andbs are surface reflectivity (albedo) for snow and ice, respectitebndUs
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are surface absorption coefficients for snow and ice, respectivelyq and ds are attenuation

coefficients(mt) in ice and snow, respectively.

This algorithm has a fine (0.02 m) spatial resolution neamntter surface where water
temperature gradients before freemer are the greatest. Predicted freexer dates were
compared with observations in nine Minnesota lakes for multiple (1 to 36) (feamg et al.,

1996; Fang & Stefan, 1996bJhe difference between the simulated and observed ice formation
dates was less than 6 days for all lakes studied. Snow thickness is determined from snow
accumulation (based on observations), followeddypactionand melting of snow by surface

heat input (convection, rainfall, solar radiation) and melting within the snow layer due to internal
absorption of shortwave radiation, and transformation of wetted snow to the white ice when
cracks in the ice cover allow water to spill onto the ice surface. In the model, ice growth occurs
from the icewater interface downward (black ice) and from the black ice surface upward (white
ice). Ice decay occurs at the snme interface, icavater interface and within the ice layer.
MINLAKE was used to predict snovand icecover characteristics in small lakes (up to 1Fkm

in the contiguous US under past and future climate scen@asy & Stefan, 1998; Fang &

Stefan, 2009)

EFDC+ has the same ice smindel as CEQUAL-W2 (Cole & Wells, 2010) Ice
formation and melt is simulated using a coupled heat approadiorhes when the surface water
temperature lowers to the freezing point by normal heat exchange processes. With further heat
removal, ice begins to form on the water surface and negative water temperature is converted to
equivalent ice thickness. The ice model includes an ice cover wito-aie heat exchange,
conduction through ice, conduction between underlying water and a melt temperature layer on

the ice bottom. The overall heat balance for the wtatére-to-air system is:
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"0 1/,— QY 'y QY Y (3.3)

Ji is the density of ice (kg/f Ltis the latent heat of fusion of ice (J/kgh / Ethe change in
ice thickness (h) with time)((m/sec)ha andhyi are the coefficients of iem-air heat exchange
and wateito-ice heat exchange (through the melt layer) (#A@). Ti is the ice temperaturd,

is the equilibrium temperature of ite-air heat exchangéd,y is the water temperature below ice
and Tm is the melt temperature. The solar radiation absorbed by water under -ttwvéceis

calculated by:
Y Yp | p 1 A@db (34)

Here,Ruw is the solar radiation absorbed by water under ice cover MRis the incident solar
radiation (W/m). The freezing temperature is set & Gor freshwater, but for saltwater it is
calculated as a function of total dissolved solids (TDS). Ice melting is calculated based on the net
surface heat exchange. When net surface heat exchange is about to become positive, the ice
begins to melt, and the energy stored internally is used to melt thEhieece submodel used

by CEQUAL-W2 and EFDC+ does not simulate snow thickness above th&hoaigh these

models simulate solar radiation extinction for the ice cover period, they do not simulate the
attenuation of solar radiation by snow. It is worth mentioning that snow has a much higher
attenuation coefficient (2@0 m?) than ice so that a few centimeters of snow can completely

attenuate all solar radiation.

3.2.3. DO Modeling Algorithm in MINLAKE and EFDC+

DO is one of the vital parameters of lake water quality simulation. Equattomand
Equation 36 represent the governing equations for DO simulation by MINLAKE and EFDC+,
respectively. Photosynthetic oxygen production and reaeration are source terms simulated in all
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models. EFDC+ allows the user to choose the reaeration equation from five available options and
three different equations for DO saturation calculation. Moreover, EFDC+ can include external
DO load in the simulation. MINLAKE can simulate a maximum of 3 algal classes, but EFDC+
can simulate several algal groups (>3) specified by users. Though the models simulate the same
processes, the representation of these processes are different in their formulation; detailed

description can be found in the corresponding model documents.

MINLAKE:
0 Q@ e "AWOO 'QQQQO i X0 £ I ME @ Qi /A BA@EY) O
£ 001 QOULAOVE HARNE § & Gt WO DI OO Q¢ & (3.5)
EFDC+:
0 Q@ e "QODU O GO ¢ I"ME QO AKA 7 QA OO QE ¢
GéénaniE @i R @AE FQQQUOHMOMWE anéi DMYDDHQL GO QE &
YOO Qwo Q& @& i (3.6)
3.2.4. Modeling Process

Three lakes in Minnesota were simulated usisigg MINLAKE and 3-D EFDC+ models
for this comparison study. The nearest weather station to the lake was selected for providing
weather data: St. Cloud Regional Airport taake Carlosand Pearl Lake; Grand Marais Cook

County Airport for Trout LakeBathymetry data for the lakes were downloaded from the

Minnesota Department of Natural Resources (MBNR) LakeFinder website

(https://www.dnr.state.mn.us/lakefind/index.NimEFDC+ uses atmospheric pressure, dry bulb
temperature, relative humidity, rainfall, evaporation, solar radiation, cloud cover, wind speed and

wind direction as meteorological input. EFDC+ also has an algorithm to calculate solar radiation
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and evaporation. For our study, we used solar radiation data (from the weather station) and
EFDC+simulated evaporation. Each lake was set up using a boundary polygon and dividing the
surface area into uniform grids, incorporating bathymetry and boundary condition data. Lake
inflow(s) and outflow(s) were added as flow boundaries, and time sefrieslow/outflow,
temperature, and water quality constituents were provided by USGS offtemaith et al.,2014)
EFDC+ simulates water temperature, organic carbon, organic phosphorus, organic nitrogen,
ammonia nitrogen, nitrite nitrogen, silica aindee algal classes (diatom, green algae,-gfeen

algae) and chemical oxygen demand (COD), in order to simulat€@®D, 2020) Setting up the

1-D MINLAKE model is much simpler than EFDC+. Bathymetry and inflow/outflow data with
model parameters were fed into the model through an Excel spreadsheet user interface.
Metrological data, including air and dew point temperature, solar radiation, cloud cover, wind
speed, wind direction, precipitation and snowfall were saved as text files for each simulated year.
The same inflow and outflow dat@ere used irEFDC+and MINLAKE modeling to have the

same boundary condition§he model was calibrated for each lake using contindéwusinutes

water temperature measurements collected by the USGS for the open water (Sragbret al.,

2014 and DO profile data on monitoring days, downloaded from the MN DNR LakeFinder

website.

The 3D EFDC+ model gives usethe opportunity to choose the coordinate system and
the temperature model suitable for their particular waterbody from the available ofitioas.
recently introduced Sigmaed (SGZ) coordinate systewhich has many advantages over the
sigma coordinate system. EFDC+ also has three different water temperature models that are
linked to meteorological datd&igure 3-1 shows example water temperature profiles for the

stratification comparison in Trout Lake simulated using two coordinate systems against
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measured profiles. Fromigure 3-1, it is evident that SGZ layering results match well with the

observed data whereas the standard sigma layering results show discrepancy with the observed

temperature
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Figure3-1 Water temperature profiles simulated using SGZ and standard Sigma coordinate

compared with observed data in Trout Lake against with observed data.

Sigma coordinate models have issues handling sharp topographic changes from one grid
to another. Because of its difficulty to handle horizontal density or pressure grgdisaits et
al., 2014) the standard sigma coordinate system cannot accurately represent stratified systems.

The root mean square erf@®MSE) for the sigma coordinate temperature i’@.@&vhereas it is
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1.1°C for the SGZ coordinate water temperature profiles -@%38010 to 5252011 in Trout

Lake. Lake Carlos, being a deep and stratified lake, also had better stratification simulation using
SGZ coordinate. However, for Pearl Lake, the simulated water temperature profiles showed no
difference based on the layering optiofhe effect of coordinate system on stratification
simulation correlated with lake's mixing scenariSince the SGZ layering system calculates
stratification based on the minimum active cell approach, the deep and stratified lakes show

better results with the SGZ system.

EFDGC+ has the option to simulate water temperature using three different model options
that couple with meteorological data. During 202011, Lake Carlos had continuous measured
15-minute water temperature data at 10 depths (BB5 m, 36 m interval) collected by USGS
(Smith et al.,, 2014) which are total of 331,910 measurement pointeese valuable
measurements were usedctamparesimulated water temperatures by three model options: (1)
full heat balance, (2) equilibrium temperature, and (3) full heat balance with variable extinction
coefficient (Table3-1). In full heat balance (legacy) option, the user needs to define the slow and
fast attenuation coefficients. These coefficients do not depend on any other parameter and are
constant throughout the simulation period. In full heat balance (variable extinction coefficient)
option, the extinction coefficient is calculated at each time step using the user specified
background (water) extinction coefficient and the simulated Chlorephytthla), TDS,
particulate organic carbon, dissolved organic carbon and plant shabte3-1 lists RMSEs for
water temperatures at all 10 depthigater temperatures simulated by full heat balance with
variable extinction coefficients approach has the minimum average RMSE among the three
options 1.16C. Basedont he resul t s, the SGZ coordinate

variable extinction coefficientdé temperature
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Table3-1 Root Mean Square Errors (RMSEs)SinulatedWaterTemperatur€®C) by EFDC

Different Temperaturé/lodel Options for LakeCarlos

Depth (m) *

1.65

4.65

7.65

10.65

13.65

16.65

19.65

25.65

31.65

37.65

Average

Full Heat
Balance

(Legacy)

1.61

1.43

1.7

3.25

2.3

1.78

1.58

1.36

0.74

0.88

1.67

Equilibrium
Temperature

2.52

2.74

2.52

2.15

2.1

191

1.59

1.63

1.36

0.92

1.94

Full Heat
Balance
(Variable
Extinction
Coefficient)

1.23

1.27

1.94

1.11

0.88

0.94

1.22

1.2

0.84

1.16

Note: *- Themeasurement did not reach the maximum depth at 49 m.

3.3 Study Lakes

Three lakes with very different characteristi€sg(re 3-2 and Table 3-2) were selected for this

study. The geometry ratio (GR =A°%Hmax, Asin m? and Hnaxin m being the surface area and

the maximum depth of the lake) is a characteristic parameter of a lake related to stratification

(Stefan et al., 1996)The lower the geometry ratio, the stronger the lake stratificaltiake

Carlos and Trout Lake are deepngd> 20 n) (Stefan & Fang, 1994ktrongly stratified (GR <

2, Table3-2), oligotrophic (mean Chl< 4 pg/L, (NAS and NAE, 1973)lakes, whereas Pearl

Lake is a shallow eutrophic lake (mean &h110 pg/L,(NAS and NAE, 1973)polymictic lake

(GR>T7).
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/ Prairie River

Tributary NW side

& | Trout Lake bottom
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Figure3-2 Bottom elevation (color contours, different scales for three lakes), kdidflow
locations (blue arrows) and monitoring locations (red cross with station numbers) in Lake Carlos,
Trout Lake, and Pearl Lake, Minnesota. The cell sizes and surface areas of the three lakes are in

different scales for presenting the related information clearly.
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Table3-2 Characteristics of th8tudy Lakes along wittModel Grid (EFDC+) andLayer

(EFDC+ and MINLAKE) Information

Lake | Surface| Max | Geometry| Mean| Trophic Simulation| MINLAKE | EFDC+ | EFDC+ | EFDCG+
Area Depth| Ratio Chla | Status Years Layers DX DY Layers
(km? | (m) | (m)>® ug/L (m) (m)
Carlos| 10.54 | 50 1.15 3.84 | Oligotrophic| 2010 34 85 122 35
2011
Trout |1 235 | 1.35 1.68 | Oligotrophic| 2010 24 50 50 20
2011
Pearl | 3.05 5.6 7.53 16.91| Eutrophic | 2014 24 65 50 5
2015

3.3.1. Lake Carlos

Lake Carlos is the terminal lake in the Alexandria Chain of Lakes, located in the North
Central Hardwood Forests ecoregion in Douglas County, Minnesota. Primary inflow to Lake
Carlos occurs in the southern part of the lake through two distinct channels out of Lakes Darling
(USGS station number 05244780) and Le Homme Dieu (USGS station number 05244810). The
headwater of the Long Prairie River (USGS station number 05244820) is the principal outflow
channel for the lake. The lake has two extensive deep areas as sh&igurm 32. The
Minnesota Pollution Control Agency (MPCA) has six data collection stations in Lake Carlos.
Station 101 (maximum depthnsk = 49.12 m) and Station 102 &k = 41.67 m) are placed in
relatively deeper areas whereas Station 204 is located in a shallower asea @3 m). 21
005700-101 (Station 101Figure 32) and 23005700-102 (Station 102) have profile data for

several days in the summer.

3.3.2. Trout Lake
Trout Lake is located within the Lake Superior Basin, approximately 16 km-easthof
Grand Marais in Cook County, Minnesota. Trout Lake is part of the Northern Lakes and Forests

ecoregion ands occasionally differentiated as a Canadian Shield Lake. Trout Lake is located in
79




a bedrock basin and its geologic history is very different from Lake Carlos and Pearl Lake. Trout
Lake is considered a dimictic lake, typically becoming stratified from May until October. Flow
into Trout Lake is intermittent, making continuous discharge measurements difficult; therefore,
periodic discharge measurements were completed at two small channels along the western
margin of Trout Lake: (1) Trout Lake tributary, northwest side, near Covill, MN (USGS station
number 04011140) and (2) Marsh Lake outlet (USGS station number 04011145). The Trout
Lake outlet near Covill, MN is the principal outflow channel for the lake. Trout Lake is
vulnerable to substantial changes in the surrountiingst sincethe forest acts as a buffer on
wind-driven mixing. MPCA has six monitoring stations in Trout Lake but only one station was

active in 20102011.

3.3.3 Pearl Lake

Pearl Lake is in the Sauk River Basin (part of the greater Mississippi River Basin) in
Stearns County, MNPearl Lake is an intermittently stratified polymictic lake, having a slight
decline in temperatures earlier in the year, but is generallymiréd before early summer
through late fallAnderson et al., 2012Pearl Lake has two inflow and one outflow locations: a)
inflow at the southwest corner, near Marty, MN (USGS station 0520447), b) Mill Creek inlet
(USGS station 05270448) inflow, and c) Mill Creek outlet (USGS station 05270449). Though
five monitoring stations were placed in Pearl Lake, during our study periodi @3), only

one station had profile data.
3.4. Result and Discussion

3.4.1. Water Temperature Simulation
For both the MINLAKE2020and EFDC+ models, water temperature was calibrated first,

followed by otherwater quality parameters. Water temperature simulation is very important
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since all the water quality parameters depend on the water temperature. Although an hourly
MINLAKE model, MINLAKE2018 is available for hourly water temperature and DO
simulation, this model does not include &€lind nutrients simulation. Therefore, the updated
MINLAKE2020 model, which accounts for all physical and biological processes in the lake
environment on a daily time step, was used. For EFDC+, a time step of 20 seconds was used for
Lake Carlos and a time step of 10 seconds was used for Trout and Pearl lakes. However, the
simulated results were extracted at an interval of 1 hour for EFDC+. Observeithit® water
temperature data fdrake Carlos and Trout.ake were provided by USGS officiglSmith et al.,

2014) For Lake Carlos, the water temperature time series was measured at a location close to
station 220057#00-102 Figure 32) and did not reach the maximum dep#8 (n). The EFDG
simulated watetemperatures were extracted a¢ theepest parfrout Lake has observed water
temperature data at 8 depths (0, 2,4, 6, 8, 12, 16, and 20 m) for the summer and early fall of
2010. Pearl Lake has 3fiinute observed water temperature from the Sentinel Lake Program
(MNDNR) at six depths (1.2, 1.7, 2.4, 3.4, 4.4, and 5 m). l@adoswater temperature data

from the USGS was collected in two segments: 15 depths in summer 2010 (with maximum depth
of 40.5 m) and 15 depths in fall 2010 and spring 2011 (with maximum depth of 37.5). For time

series continuity, only 10 depths were used in this study.

MINLAKE gives one simulated profile each day over the maximum depth, which can be
assumed to occur at the deepest locatdrile EFDC+ outputs one simulated profile each hour
at each grid (different maximum depths at different grids) for the three study lakes. Simulated
and measured water temperature profiles over time at the deepest location are used to construct
contour plots to understand and compare water temperature dynamics and stratification

characteristics. shows these contour plots of water temperature simulated by EFD)Can(B
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MINLAKE (1-D) at Lake Carlos, TroutLake and Pearl Lake including measured water
temperature contours. EFD&imulated water temperature profiles were extracted at 21 depths,
MINLAKE -simulated water temperature profiles were extracted at 34 depths for Lake Carlos,
which was compared with water temperature measured at 10 depths. Lake Carlos is considered a
dimictic lake, generally starting off wethixed before summer, with a distinctive thermocline
(stratification) that develops in the summer months, as clearly shown in Figi¥e$ and

Figure 33(b), mixing again in the late fall, with inverse temperature stratification in winter. In
Figure3-3(a), MINLAKE2020 and EFDC+ simulated water temperatures HRIMMSE of 1.66°C

and 1.16C, respectively. At deeper depths (> 30 m), MINLAKE simulated gradual temperature
increases, while EFDC+ simulated temperatures and observed data have very small increases
(more or less horizontal contour lines before the fall mixing). Overall, EFDC+ simulates more

detailed water temperature profiles compared to MINLAKE.

In Trout Lake, MINLAKE and EFDC-simulated water temperatures were extracted at
14 depths and were compared with observed water temperatures at 11(Higpites 33(b)).
Both EFDC+ and MINLAKE simulated water temperatures VRMSE of 1.5°C. Both models
slightly overestimate water temperature at the top layers duringjAlugest. Compared with the
observed water temperature, MINLAKE simulates lower water temperature in the bottom layers.
Pearl Lake is a shallow lake having the maximum depth of only 5.5 m. MINLAKE and EFDC+
simulated water temperatures were extracted at 8 depths and were compared with observed water
temperatures at 6 depths starting 1.2 m from the surfadegure3-3(c), MINLAKE2020 and
EFDC+ simulated water temperatures hRMSE of 1.79C and 1.30C, respectively. Detailed

statistical parameters for water temperature and DO simulation are provided ir3-Bable
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Figure3-3 Contour plots of EFDC+ and MINLAKEimulated water temperatuf®C) with
observed water temperatuf€j at different depths in a) Lake Carlos (202011), b) Trout
Lake (20102011) and c) Pearl Lake 2012D15). The short red thick lines on the right end
frame foreach contour show depths where simulated or measured water temperatures were used

to construct contours.
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Table3-3 Statistical Parameters f&tudy Lakes

Lake Carlos (2010 2011)

Water Temperature Dissolved Oxygen
Model RMSE?®(°C)  NSEP R°° RMSE (mg/L) NSE R?

MINLAKE 1.66 0.83 0.97 2.39 0.61 0.90
EFDC+ 1.16 0.91 0.98 1.20 0.87 0.91
Model Trout Lake (2010 2011)

MINLAKE 1.50 0.98 0.99 1.45 0.70 0.92
EFDC+ 1.50 0.50 0.98 2.12 0.55 0.91
Model Pearl Lake (2014 2015)

MINLAKE 1.79 0.98 0.99 3.42 0.70 0.92
EFDC+ 1.30 0.50 0.98 1.12 0.55 0.91

Note:®7 RMSE stands for Root Mean Square ErférNSE for NaskSutcliffe Efficiency(Nash

& Sutcliffe, 1970) ¢ R? stands for regression coefficient of measured versus simulated

3.4.2. DO Simulation

Figure 34 shows the contour plots of simulated DO using EFDGB)Y2and MINLAKE
(1-D) models atakeCarlos, Troutakeand Pearl Lakes, developed similarly to the temperature
contours in Figur@-3, except no observed DO contours are included, since continuous observed
DO data were unavailable for any of the three lakes. In Figuett® right panel shows the
comparison between observed and simulated DO near the surface and bottom of the lakes.
MINLAKE simulated daily DO concentration, and hourly DO was extracted from EFDC+
results. In Figure -3(a), at Lake Carlos, both MINLAKE and EFDC+ simulated anoxic
conditions at the lake bottom in summer 2010 and winter 2011, with EFDC+ simulating a shorter
anoxic period compared to MINLAKE, followed by a gradual mixing of DO starting in April
2011. The EFDC-simulated DO concentration during late fall of 2010 and late winter of 2011 is

higher than that simulated by MINLAKE.
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Figure3-4 Contour plots of EFDC+ and MINLAKE simulated DO (mg/L) at different depths in
a) Lake Carlos, b) Trout Lake and c) Pearl Lake. The short red thick lines on the right end frame
for each contour show depths where simulated DO concentrations were used to construct
contours. The right panel shows the observed and simulated DO near the surface (1 m) and

bottom (40 m, 20m and 5 m faake Carlos, TrouLakeand Pearl Lake, respectively). The red



box in the right panel shows the RMSE of simulated DO for all depths at all stations where

observed data were available (28/29 depths at Lake Carlos 101 station, 27/28 depths at Lake
Carlos 102 station, 16/17 depths at Lake Carlos 204 station29 depths at Trout Lake, and 5
depths at Pearl Lake). This RMSE also includes one DO profile measured in the summer of the

following year (which is not graphed here).

In Figure 34(b), at Lake Trout, MINLAKE simulated an anoxic period starting in March,
and ice melts in the beginning of May. EFDC+ simulated two periods of anoxia: one in February
and another one in late Aprillhe difference in snow simulation mechanism causes this
difference in DO concentration. The DO comparison was performed for the Summer of 2011.
Trout Lake had snowfall until the beginning of May. As a result, snow simulation impacted the
DO concentration andMINLAKE performed better than EFDC in Trout Lake DO simulation.

Ice cover difference between the two models is explained in detail in SectionFh4 Bearl

Lake, MINLAKE simulated lower DO concentration in winter 2014.

Several DO profiles (8L0 profiles) were available for the summer and early fall on the
LakeFinder website for each lake. The profiles were used to compare simulated results from
EFDC+ and MINLAKE with observed data near the surface (1 m) and bottom of the lakes
(Figure 34, right panel). Figure -8 (right panel) shows how the MINLAKE and EFDC+
simulated DO time series at two depths compare with the observed data. Based on the
availability of observed DO profiles, DO concentrations were plotted near the surface and the
bottom of all three lakes from May 25th to November 1st of the simulation year. For Lake
Carlos, the observed DO at the top, and bottom layers match well with the simulated DO by
EFDC+ (seven profiles on 5/25, 6/20, 6/24, 7/19, 8/24, 9/22, and 10/20). MINLAKE simulated

anoxic conditions starting miieptember, whereas EFDC+ simulated it a month earlier, the
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same as the observed data. In Trout Lake, with 11 measured profiles, EFDC+ simulates longer
bottom anoxic conditions in the summer due to stratification compared to MINLAKE. The
EFDC+simulated bottom DO concentrations match well with the observed bottom DO. Overall,
EFDC+ simulated surface and bottom DO with good agreement, while MINLAKE simulated
higher DO in bottom layers during summer. Pearl Lake had 9 measured profiles iR @08.4

Pearl Lake is a weakly stratified lake; it remagssentiallywell-mixed throughout the year.
However, two observed data points had very low DO at the bottom, which does not agree with
seasonal lake characteristics and could not be simulated through MINLAKE or EFDC+
simulations. This low bottom DO could be caused by steorh stratification which even occurs

in some very shallow stormwater ponds, as noted in a recent €fadychi et al., 2020)
Altogether, the simulated DO is in good agreement with the observed DO. At the end of October,
the observed data matched well with the MINLAKEwlated DO, whereas EFDC+

overestimates the DO concentration.

Lake stratification is an important physical characteristic of a lake that influences mixing,
aguatic habitat, etc. If temperature or DO differences between the surface and bottom layers is
more than 9C or 1 mg/L, the condition is typically defined as stratified. FigB#® shows
temperature and DO stratification simulated by EFDC+ and MINLAKE along with the observed

stratification in the three study lakes.

Temperature stratification captured by EFD&nd MINLAKE at Lake Carlos is very
similar to the observed data. For DO, EFB@wlated DO difference matches well with the
observed differences. EFBGimulates complete mixing in early November due to fall overturn.

Suddenly the hourly DO differences become negative for a very short period; the oxygenated top
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layer DO go to the bottom due to overturn; the respiration and other biochemical processes might

have consumed some additional DO from the top layer.

Figure 3-5(b) represents the simulated and observed stratification for Trout Lake. Both
MINLAKE and EFDC+ models simulate slightly higher temperature stratification in the summer
2010 period where the observed data are available. E$#id@ated DO stratification matches
well with the observed stratification in summer, then EFB@nulates lower stratification in fall
and a slightly later fall overturn. Though MINLAKE simulates slightly lower stratification in
summer of 2010; in the fall, simulated stratification increases gradually and matches well with

the observed stratification.
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Figure3-5 EFDC+ and MINLAKE-simulated water temperature and DO differences between the
surface (1 m) and bottom layers for a) Lake Carlos, b) Trout Lake, and c) Pearl Lake compared

with observed data.

EFDC+ simulates the overturn event later than that simulated by MINLAKE. The
observed DO difference on 10/22/2010, being very close to the MINL#iKilated DO
difference, confirms that MINLAKE simulates the overturn incident correctly. In Fig&(E),
for Pearl Lake, both EFDE€and MINLAKE simulated temperature differences match well with
the observed data during the summer; during the winter MINLAKE simulated still matches
reasonably well with the observed data; neither MINLAKE could reasonably mimic the observed
inverse water temperature stratification during the ice cover period, but-EE@@ not (with
negligible temperature difference). MINLAKE simulates higher DO stratification than EFDC

does during the ice cover period but there are no data for comparison.

3.4.3. Ice Cover Simulation

MINLAKE uses snowfall as a meteorological input and predicts/estimates snow
thickness above the ice. Both MINLAKE and EFDC+ simulate the growth and decay of ice
thickness during the winter, but only MINLAKE incorporates/considers the impact of snow
thickness on ice cover simulations. FigBré(a) compares ice thicknesses simulated by EFDC+
and MINLAKE. Both models predict the same ice formation date (1/2/2011) on Lake Carlos, but
EFDC+ simulates less ice thickness and a shorter ice cover period. EFDC+ simulates 3/14/2011
as the ice melting day, whereas MINLAKE simulates 4/10/2011 as the ice melting day. Correct
estimation of ican and iceout day will affect the availability of nutrients and the biological
processes in the lakgélampton et al., 20175ince ice thickness data are not available for our

study period in Lake Carlos, we used observed snow depth (m) data from the Saint Cloud
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Regional Airport weather station (closest to Lake Carlos) as reference observation. However,
there was a major snowfall event right after the ice melting simulated by EFDC+. The result is
that EFDC+ underestimated ice thickness and the ice cover period, impacting DO simulations in
the winter and spring periods. Similar results occurred for Lake Trout (F3gb(l®)) and Pearl

Lake (Figure3-6(c)).

a) Ice Thickness at Carlos Lake and Snowfall at Saint Cloud Regional Airport in 2010-2011
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Figure3-6 Simulated ice thickness (m) by EFDC+ and MINLAKE, snow thickness by
MINLAKE, and observed snowfall at Lake Carlos (top panel), Trout Lake (Middle panel), and

Pearl Lake (bottom panel).
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A significant disparity in ice thickness existed for Trout Lake from the two models. The
maximum ice thickness simulated in 202011 was 0.97 m by MINLAKE and 0.15 m by
EFDC+. Trout Lake is a very small lake having an area of onkmi, situated in colder
(northern) region, where snow accumulated above the lake ice could be thick and persist over a
longer period than predicted by MINLAKE. These factors could explain the difference between
model results, since EFDC+ does not simulate snow cover. Snow cover attenuation of solar
radiation is much larger than the attenuation of ice and whketerg & Stefan, 1996bx thin
layer of snow can attenuate most of the incoming solar radiation and promote ice growth. For
Pearl Lake, EFDC+ simulates three periods of ice cover in the winter from 2@zl while
MINLAKE predicts a continuous ice cover from 11/13/2014 to 4/11/2015. In that winter, Saint

Cloud Regional Airport had 67% less snowfall compared to that of 2010.

The first few days after the snowfall were warmer, and EFDC+ predictedaltangin
some grids/areas which caused partial ice cover on the lakes. As a result, there were some gaps
between ice cover periods, and solar radiation entered the lake through those openings and
resulted in high phytoplankton abundance and well mixed conditions (RBgy{®). The results
shown in Figure 3Kc) were extracted from one simulation cell that is very close to the
observation station. The different ice growth/decay rates in different cells were verified using the
EFDC+longitudinal view. MINLAKE, being a D model, predicts growth/decay of ice cover
over the whole lake surface and does not account for the spatial variability of ice growth/decay in

different grids as in EFDC+.

Table 3-4 lists the simulated iem and iceout dates predicted by MINLAKE and
EFDC+, and the simulated snow cover periods predicted by MINLAKE for the study lakes.

Overall, EFDC+ simulates shorter ice cover periods and smaller ice thickness. The MINLAKE
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ice submodel has been tested by several researchers. Fang and(Btefgret al., 1996&ested

the lake ice formation and melting day using the MINLAKE ice-swuael for 9 lakes in
Minnesota for 836 years. This study showed that the observed ice melting days for the lakes
were not more than 6 days before or after the simulated ice melting day. Ya@Yetoaét al.,

2014) compared four ondimensional lake models: Hostetler, MINLAKE, SIM and General
Lake Model for water temperature and winter ice cover simulation of Harp Lake (Ontario,
Canada). MINLAKE generated the best agreement with observexhiaad iceoff dates as well

as ice thickness.

Table3-4 Ice In andice Out Dates for theStudy Lakes

Ice In Day | Ice Out Day| Ice In Day | Ice Out Day| Snow Cover (MINLAKE)
(MINLAKE) | (MINLAKE) | (EFDCt) (EFDCH)
Lake 12/3/2010 | 4/10/2011 | 12/5/2010| 3/14/2011 12/11/20104/1/2011
Carlos

Lake 11/22/2010| 5/6/2011 | 12/11/2010; 2/17/2011 11/23/20104/4/2011

Trout 4/15/20114/22/2011
Pearl Lake| 11/13/2014 | 4/11/2015 | 11/15/2014| 12/15/2014| 11/18/201411/22/2014
12/29/2014| 2/1/2015 11/26/201412/13/2015

2/5/2015 | 2/11/2015 12/25/201%3/7/2015

2/13/2015| 3/4/2015 3/22/201% 3/24/2015

The effect of ice and snow thickness simulation can be explained Egjage 3-4. In
Figure 34(a), for the DO simulated by EFDC+, the DO concentration begins to increase near the
surface (due to surface reaeration) after ice melting on 03/15&@dahen the lake mixing
(spring overturn) results in high DO for all layers. EFDC+ does not simulate snow thickness and
then solar radiation attenuation by sndigfation3.4). For MINLAKE simulated DO profiles,
the DO concentration does not increase after March because of ice and snow cover. The lake has
snow thickness until 4/2/2010, solar radiation is attenuated by snow and ice to prevent any
significant oxygen production by photosynthesssiow attenuates most of the solar radiation

since MINLAKE uses 40 ARl and 1.6 ml as extinction coefficients for snow and ice,
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respectively (equation AFang & Stefan, 1996h) Under snow cover, oxygen productivity
becomes very low because of little or no solar radiation reaching the water. In Fidime 3
EFDC+ simulates high DO and well mixed conditions under ice cover since the lake had partial
ice cover and the model assumed that phytoplankton growth and mixing both happened through

the ice gaps. For lakes in cold regions, snow simulation holds considerable importance because
of its influence on production and DO simulation.

3.4.4. Spatial Variance

The D model MINLAKE cannot account for horizontal spatial variations of water
quality constituents. Only-B models, such as EFDC+ can capture the spatial variability in all
three directions. However, this difference is usually visible in large l@aisaghi et al., 2019)
Figure 3-7 shows the water temperature (top panel) and DO (bottom panel) profile comparison

for two observation points 101 and 102 (Fig&®) in Lake Carlos.
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Figure3-7 Simulated and observed water temperat@® énd DO (mg/L) at two deep points in

Lake Carlos.
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The maximumdifference in observed water temperatures between two locations at the
same date and time is 23 and the observed DO difference is 1.8 mg/L. It is evident that the
water temperature at the surface layers were different on 5/25/2010 whereatemagrature
varied in deeper layers from 6/22/2010 to 9/22/2010. The DO profiles also show some
differences; surface DO is different in July and August. Overall, for June to August, the water
temperature and DO differ in deeper layers. Two EFDC+ profiles simulated at the two grids that
enclose monitoring points 101 and 102 match better with the observed data compared to one

MINLAKE simulated profile for these five observation dates.

3.4.5. Effect of Inflow

Water flowing into a lake/reservoir can take different flow paths after entering the lake,
depending on density stratification in the lake and inflow conditions. Inflows are classified as
underflows (spreading along the reservoir bottom), interflows (spreading or entraining at an
intermediate water depth) or overflow (spreading at reservoir surfacelD Im&dels, inflow is
discharged into a cell or several cells nearest the inflow location, wheredd mdbels, the
inflow eventually enters into the horizontal layer(s) where the inflow and ambient water have the
same density. When several inflows enter into a large lake, spatial variance in temperature and

other constituents may be observed.

Lake Carlos is a large, deep lake with inflow from two adjoining lakes, Lake Darling and
Lake Le Homme Dieu (Figurg-2). Observed inflow water temperatures from Lake Le Homme
Dieu and Lake Darling are consistently slightly higher or very close to the surface water
temperatures of Lake Carlos; therefore, the inflow regime for Lake Carlos is classified as
overflow. When cooler water flows into the lake, the inflow water is entrained into the horizontal

layers depending on inflow and lake water densities; this scenario is called interflow. To observe
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an interflow condition or entrainment of inflow water in Lake Carlos, the inflow temperatures
were reduced by°C€. Using the observed infleautflow rates and the hypothetical (reduced)
inflow temperatures, MINLAKE and EFDC+ models were simulated again, and the spatial

variance was compared (Fig8-8(b)).
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Figure3-8 a) Location of inflowoutflow and the selected cells at Lake Carlos for temperature
time series comparison; b) observed inflows, hypothetic outflow and inflow temperature time
series for the scenargamulation, and c) EFDGimulated water temperature time series at the

selected cells (cell 1 and cell 2) at 12 m, 14 m, 18 m, and 22 m from lake surface in Lake Carlos.

The 1D MINLAKE model simulated one vertical profile of temperature for the whole
lake whereas the-B model simulated and calculated entrainment and vertical profiles for each
grid. Based on proximity of the cell to the inflow location, mixing and entrainment vary location
by location. Based on the MINLAKEBimulated water temperatures, the inflow was entrained

more in the upper layers (0 m to 16 m) in the summer whereas it was entrained mostly in the
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deeper layer (16 m to 48 m) in the fall. Fig@8&(c) shows the differences in EFEXtmulated

water temperature at four depths in two cells of same depth (~40 m): Cell 1 and Cell 2. Cell 1 is
downstream of Lake Darling inflow but upstream of Lake Le Homme Diu inflow; therefore, the
temperature profile at Cell 1 is mainly affected by the inflow from Lake Darling. Since Cell 2 is
downstream of both inflows, its temperature profile is affected by both inflows. The maximum
difference in water temperature between Cell 1 and Cell 022812 m depth from the surface

and occurred in early July. At 14 m, 18 m and 22 m depths, the maximum water temperature

difference was 6.9€, 4.35C and 3.3%C, respectively.

Cell 1 is mostly impacted by Lake Darling inflow. At 12 m and 14 m, the peaks observed
on 5/30/2010° 6/1/2010, 6/19/2010, and 7/1/2G1W8/2010 resulted from increased mixing of
the lake water aided by higher wind speed; the water temperature at 12 m is close to the water
temperature near the lake surface on these days. The water temperature increased oni8/24/2010
9/6/2010 due to the higher air temperature on those days. In Cell 2, a drop in water temperature
occurred at 12 m on 7/5/2010, caused by the low inflow temperature from both inflows. At 18 m
and 22 m, there are lower water temperatures at Cell 2 compared to Cell 1. Cell 2 is impacted by
both inflows; this cell represents the full effect of Lake Le Homme Dieu which has lower inflow

temperature compared to Lake Darling.

Figure 3-9 shows the spatial variations of simulated water temperature (EFDC+, the
MINLAKE -simulated profile is shown in the box at the ripottom of each panel) on three
days through a crossection cut through the center of the lake from Lake Darling inflow to Long
Prairie River outflow (as shown in FiguBe8(a), black dashed path line). The crssstional
view also shows two deep parts of the lake, the first near the Lake Darling inflow and the second

near the Long Prairie River outflow.
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Figure3-9 Longitudinal sections from Lake Darling to Long Prairie River through the centerline
of Lake Carlos showing contours of EFDGimulated water temperature over depth at: a) 6:00
on 06/01/2010 b) 21:00 on 11/03/2010 c) 4:00 on 12/06/2010. Temperature color scales are
different for these three days. The profile plots on thetgitiom of the panels show

MINLAKE -simulated water temperatured) profiles on the same days for comparison.
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Figure 3-9(a) shows spatial difference of water temperature during a summer day
(6/1/2010). The inflow temperature was 16@3at the Lake Darling inflow (2.42 its) and
15.98C at theLake Le Homme Dieu inflow (0.97 #s), with an outflow of 1.28 fs. The
surface water temperature ranges from A7.tb 14.83C and at 12 m, the water temperature
ranges from 13.65 to @0 (near the second deep part). MINLAKE simulated water
temperatures of 186 near the surface and it then gradually reduced tCs@ar the lake
bottom. Though Figur8-9(a) shows similar temperature stratification throughout the lake, the
second deep part has lower surface water temperature which could happen due to the mixing of

cold water from Lake Le Homme Dieu.

Figure 3-9(b) shows the density current flowing towards the deep layers of the lake; a
clear distinction of cooler inflow water is observed on the first deeper area. The inflow
temperature was 3.9@ at the Lake Darling inflow (2.75 i#s) and 3.38C at the Lake Le
Homme Dieu inflow (1.29 As), with an outflow of 2 fis. The upper layers are well mixed
and have a temperature close 6 ;8he temperature drops t8C7at the lake bottom showing an
example of underflow. MINLAKE simulated a wetlixed water temperature of 10°@3with a

slightly lower temperature from 40 m below the surface.

Figure 3-9(c) shows the spatial difference of temperature during an ice cover period.
Based on the ice thickness results from EFDC+, the ice starts melting on 12/4/2010 in areas close
to Lake Darling. On 12/6/201@he lake has ice cover only on the second deep part, limiting
algae growth in that area. In response to Lake Darling inflow (8/8) mf C and Lake Le
Homme Dieu inflow (0.5 dis) of 2.8C, the lighter inflow of water goes over the surface; this
phenomenon is known as overflow. We can identify an increase in surface water temperature just

upstream and downstream of Lake Le Homme Dieu inflow as a result of inflow from Lake
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Darling and Lake Le Homme Dieu. The water temperature shows stratification opposite to
Figure 3-9(a), cooler water on top and warmer water towards the bottom of the lake when
temperatures are less thatC4 At the surface, the water temperature ranged from B00R9
0.85°C. At 5 m depth, the temperature ranged from Witd 1.3C. MINLAKE simulated near

zero water temperature at the top layer and ranged from 1.2 tC2a74he bottom layer. Since

Lake Carlos is a large lake, the ice thickness varies over the longitudinal distance. Ice formation
starts on 11/23/2010 near the outflow and gradually covers the whole lake by 12/8/2010. On
12/4/2010, the lake has ice cover on most of the cells along the centerline @&fajeexcept

some cells upstream and downstream of the Lake Le Homme Dieu inflow location.

3.4.6. Longterm Simulation Using MINLAKE

For the three study lakes, theD3BEFDC+ model requires more time to simulate water
temperature and water quality constituents compared to ibBe MINLAKE2020 model.
Although this study focused primarily on water temperature and DO, the EFDC+ eutrophication
model also simulates algae (green algae, -gheen algae, diatom), nitrogen, phosphorus,
organic carbon, and silica for model accuracy before DO can be simulated. For EFDC+, the time
required to simulate water temperature and selected water quality constituents for this study
ranged from 2.0 hours (for Pearl Lake) to 7.3 hours (for Lake Carlos) formeoafh simulation
period (1month warrup period). Generally, simulation time depends on the number of
computation grids and vertical layers. For Lake Carlos, 7.3 hours were required for 1127
horizontal cells and a maximum of 35 vertical layers. MINLAKE simulation over the same time
period was significantly faster than EFDC+, taking only a few seconds. However, as noted
previously, the EFDC+ model provides much more detailed temporal and spatial simulation

results.
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Figure 3-10 shows MINLAKE 1Qyear simulation results for Lake Carlos near the
surface (1 m) and bottom (48 m) for past (using historical weather data) and future (CCCma
CGCM3.1 Al1B Scenario) climate conditions. The CGCM®&Im et al., 2002)is the third
generation coupled General Circulation Model from the Canadian Centre for Climate Modeling
and Analysis (CCCma). The maximum water temperature stratification is observed in September
and October of each year. The lake shows maximum stratification in 2001. MINLAKE has been
used for longterm simulation in several studiéliang et al., 2012)lasnim et al(Tasnim et al.,
2021b) simulated Lake EImo (a deep lake in Minnesota) for 20 years (2089) with a
regression coefficient (between simulated and observed) of 0.91 and 0.79 for water temperature
and DO, respectively, using MINLAKE2020. This study also revealed that MINLAKE could
mimic the increasing trend of phosphorus in I2®09. Moreover, MINLAKE can also
simulate water quality using three future climate scenarios which are embedded in the model.
Monthly air temperature increases projected by CGCM3.1 A1B scenario ranges from 2.91 to
4.84°C near the St. Cloud weather station. As a deep oligotrophic lake, Lake Carlos had 24 days
of anoxia for past climate conditions and is projected to have 78 days of anoxia for future climate
conditions for the 1§ear simulation period. Hypoxia (<1 mg/L DO) near lake bottom is

simulated for 729 and 779 days for past and future climate conditions, respectively.
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a) Long-Term Water Temperature Simulation using MINLAKE
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Figure3-10 Time series plots (4/16/200012/31/2010) of simulated a) water temperature and b)
DO at 1 m and 48 m depths from the surface under past and future climate conditions (CCCma

CGCMa3.1 A1B Scenario) for Lake Carlos (maximum depth 50 m).

EFDC+ would take considerable computational time to simulate over multiple years. As
a result, EFDC+ is not recommended for ldagm simulation targeting lake management
decisionmaking. 1D MINLAKE can simulate water quality with sufficient accuracy while
taking much less computational time, which is an advantage when conductintgriongnd
scenario studies for lake management practices. However, if a detailed understanding of lake
processes is required over shorter time intervals, then #beEFDC+ model is a more

appropriate simulation tool.
3.5. Conclusions

The D model MINLAKE2020 and the -B® model EFDC+ were used to simulate water
temperature and DO at Lake Carlos, Trout Lake and Pearl Lake in Minnesota, USA.

Inflow/outflow data and meteorological data were required by the models.
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1. For Lake Carlos and Pearl Lake, th® EFDC+ model performed better for temperature
and DO simulations. EFDC+ DO simulation results were much better than MINLAKE
(Figure 34), though the statistical results only represent the summer period. The RMSE
for DO simulation for Lake Carlos and Pearl Lake is 1.20 mg/L and 1.12 mg/L,
respectively. MINLAKE performed better than EFDC+ for Trout Lake, as a consequence

of better ice cover simulation.

2. EFDC+ does not simulate snow thickness in cold region lakes. EFDC+ simulated shorter
ice cover periods and smaller ice thicknesses in all three lakes. The early melting of ice
predicted by EFDC+ can result in erroneous result for DO by simulating more mixing

and overturns in the winter and spring.

3. EFDC+ considers spatial variance and performed well for both observation stations in
Lake Carlos. The maximum difference in water temperature between two stations on the
same date in Lake Carlos is ZZ3and the DO difference is 1.8 mg/L. This spatial
variance is particularly important for very large lakes with complex bathymetry, or lakes

having multiple inlets/outlets.

4. EFDC+ can extract detailed hydrodynamics and water temperature/quality variables.
Inflow and outflow can be important in lake hydrodynamics. Inflow locations can
influence the spatial variance of different constituents (Figt8e In the case of a large
lake receiving a significant amount of inflow, ice thickness, water temperature, velocity
magnitude, flow etc. vary at different locations. The magnitude of differences depends on
the distance of the comparing points, and the difference between the inflow temperature

and lake water temperature.
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5. MINLAKE requires considerably less computational time than EFDC+ to simulate lake
water quality parameters over many years under the past and future climate scenarios,

while providinguseful information for longerm lake management decisioraking.
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Chapter 4 Three-Dimensional Hydrodynamics and Water Quality Model

Development for he Cotton Bayou/Terry CoveSystem

4.1 Background

Estuariesareamongthe mostproductiveecasystemsn nature.The mixing of freshwater
andsalinewater inestuaies is predominantly responsible for thi@ductivity (Bales et al., 2006 he
transportof dissolvedsubstances ansuspendegarticlestakesplaceduring the interactionof
riverine and marine systems. Phytoplankton growthand variations of nutrientsin lakes or
estuariegareconnectedvith inflow from rivers and tributarieéShen & Haas, 2004ABs found
in coastal waters are caused by lack of flow circulation, river inflows, and anthropogenic nutrient
loading leading to eutrophicatiq®. Bricker et al., 2007)The dynamic forcings (inflow, tides,
wind speed, and weather conditions) in the system result in the spatial and temporal variability of

salinity, temperaturgndnutrientsin theestuary.

Tourism serves animportant role in economic development, especially for coastal
communitesdistantfrom local economicentes. Onesignificant benefit ofdurismis thatit can
quickly increase the local household average income becaupérttegy recreational providers
are micreoperators such as restaurants, stern lodging rental equipmentental,and so on.

However it can also bringhallengesf it is the primary revenutor local communities
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The Cotton Bayou/Terry CoveCBTC) system (Figure-4) is in the heart of Orange
Beach, AL and is a component of the larger Perdido Bay watershed which is connected to the
Gulf of Mexico by Perdido Pass. The canals and other shallow waters of the CBTC system have

historically served as nursery habitat &amguaticandavianwildlife.

/" Perdido Bay

[}

,,~éig Lagoon

: nolphjo_;g,éass

Gulf of Mexico

Figure4-1 Location of study area in Perdidod B#olf Bay system.

Overtime, developmenaindr e d e v ehlvereptaeed muclof the naturalshoreline
with seawalls and other structures, and sediment has accumulated in ways that disrupt natural

hydrodynamic mixing. These and other unknown factors are contributing to water and sediment
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quality degradation; fluctuating temperature, salinity, and dissolved oxygen concentrations;
driving algal blooms, fish kills, and other indicators of poor ecological health. Eutrophication
greatly depletdO in rivers and estuaes negatively impactingquaticorganismsFish kill s are a
phenomenomeferring to a localized dieff of fish populatios. It is primarily caused by reduced
oxygen in the watenryvhich is the combired resultof a varietyof causesncludingalgaebloorns,
increased water temperatuagd the presenad toxic chemicals and pollutanignexpected fish

kill events have the potential to negatively impémtal tourism.

Perdido Bay has been of interest to many researatheesto its sensitivity to water
quality degradation(Li, 2019; Robert J. Livingston, 20Q1)Eutrophication processes in the
Perdido Bay system fia been extensively studiettirough anll-year study period (1988 to
1999) primarythroughmonthly field data collection a@large number of locations in thray and
inflow rivers/creeks These studiedocumented 26 algae/phytoplankton blooms from 1994 to
1999(R.J. Livingston, 2001; Livingston, 200@hich occurred at a variety of times over a given
year. Improvements in eutrophic condit®ian be achieved by management, research, and
monitoring programs working togethés. B. Bricker et al., 2007) The studes conducted by
Livingston documented what happeneder thell-year study period and identified possible
causes and some nutrient sources for dggms. However, there are no decision support or
warning systems for management agencies to target nutrient reductions and project timing of

occurrence of algal blooms in Perdido Bay

Algal blooms consume DO and canlead to hypoxia (DO < 2 mglL,
https://oceanservice.noaa.gov/ hazards/hypoxia/) and anoxic conditions at various locations
within Perdido Bay(Figure 41). Algal blooms areelated tothe type and quality of water

enteringthe bay. streamflow, tidal inflow, urban stormwater runoff, agcbundwater inpuyt
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nutrients from point and nepoint sourceswater temperature, and salinity stratification (Harris
et al. 2015, Kim et al. 2012)Algal blooms can occwvhen conditions of nutrients, light, and
temperature are optimum for the growth of phytoplankton (alg&e)if Menhader(Brevoortia
patronug is an important commercial fish species found in the Gulf of Meg&taaries and
marine waters, and is the primary species in many documented fisin Kikéton BayouFigure
4-1) (Li, 2019; VenderKooy & Smith, 2015For example, wdespread fish kills ofGulf
Menhaderwere reported beginning on 7/31/2015e Cotton Bayouand Terry Cove areas of
Perdido Bay (Figure-4). The lifecycle of Gulf Menhadercan be categorized into four stages
(larvae, post larvae, juveniles, and adults) based on age and fork (ieegisured from the tip of
the snout to the end of the middle caudal fin yafshe fish.Gulf Menhaderhealth issensitive

to water quality conditions, especiallyater temperature and DO concentrasioh 1983 U.S.
Fish and Wildlife ServicdUSF&W) reportsummariing the environmental requiremenfisr
Gulf Menhader{(Lassuy, 1983) In estuaries, juvenil&ulf Menhaderhave been captured over
a salinity range of 0 to 35 ppt and a temperature range of 5 to 35 °C (Benson 1982; Christmas
and Waller 1973). Lassuy (1983) reportbdt water temperaturkess tharB0° is idealfor Gulf
Menhaderhealth, although efinitive data on the optimum temperatiupper and lower lethal
limits) are lacking (Lassuy 1983A 1982 USF&W reported juvenilesof Gulf Menhaden
commonly occurred in watessith salinity rangingfrom 9 to 67 ppt ((Christmas et al., 1982)
Gulf Menhaderare among the specieggatively impactedy low DO in estuaries (Christmas
and Waller 1973; Etzold and Christmas 1979). Post larvae and juveniles in restricted bays and
backwaters (e.g., Cotton Bayau Perdido Bay; Figure-4) are particularly susceptible to low

DO because they have low mobility and capacity to atltedelow DO areas (Lassuy 1983). A
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minimum DO level of 3 mg/lfor Gulf Menhaderhealthwasrecommended b¢Zhristmas and

Waller (1973.

Severalstudies have been conductedsimulate hydrodynamics and water quality
Perdido BayXia et al. (2011)simulated salinity and D@ PerdidoBay andimmediate near
shore Gulf of Mexicomarine wateraising the Environmental Fluid Dynamics Code (EFDC).
These researchedsvided Perdidday into two sections: lower Perdido Bay influenced by tidal
forcing and upper Perdido Bay influenced by tidal forcing and freshwater mfltws study
confirmed that wids and tides influencealinity and DO distributionsvithin Perdido Bay
Dynamic and complex interactions between tides from Gulf of Mexico and inflows from
freshwatersourceswere revealed by the age of wa(Brevkota, 2014)Dolphin Pass linking to
Big Lagoon and Perdido Pass linking to the Gulf of Mexo®mthe boundaries where most of the
salt exchange took pla¢&igure 41) (Devkota & Fang, 2015) Sigshy (2013) used field and
historical data to develop a thrdemensional sediment transport model. Freshwater inflow is the
primary forcing factor in sedimentation, and it is the main contributor to sediment entering
PerdidoBay. Xia and Jiang (2015) used the calibrated mpdaliously developed b¥ia et al
(2011) to simulate bottom hypoxia Perdido Bay in response t@ariablelocal winds and river
dischargs (Xia et al., 2011)Xia and Jiang (2015pundthat freshwater could reach the bottom
of the bayin shallow areas (depth <1 mu)nder high volume river dischargeedudng the
severity of hypoxia and anoxia. Increasing river discharge had little effect on the bottom hypoxia
and nutrient variation in deepwater. Also, a 5 m/s (11.2 mph) or greater southerly wind was
sufficient to reduce nutrient stratification and reduce areal coverage of hyplexa& Stefan,
2005). The influence of sea level rise and future morphology on tidal hydrodynamics along the
northern Gulf of Mexico coast was also investigated (Passeri et al. 2Aa6EFDC 3D
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hydrodynamic and water quality analysis was done by Li (2019) where the temposguladiadi
distribution of salinity, water temperature and dissolved oxygen was simulated. The model
covered the entire Perdido Bayolf Bay system and had very little observed data for

calibration.

Threedimensional hydrodynamiwater quality modeling can potentially be usedor
conceptualizing and designing remedial strategies for improving water qualitpmplex
estuarine systemsrhis chapteand the following chapter (Chapterdgtail an EFDC+ study of

areas within Perdido Bay critical to maintaining Gulf Menhaden health and examines potential
remedial strategies for sustainably improving water quality within these afdasapproach

used includes acquisition of historical data aotlecion of discrete and continuous monitoring

data from specific locations useful for model development, calibration, and validation.
Calibration and validation of the EFDC+ model is presented in this chapter. In the following
chapter (Chapter 5), the calibrated and validated model is used to test several conceptual remedial
strategies as a means of identifying the most appropriate remedies for improving and sustaining
water quality, using Gulf Menhaden health requirements as indicators of sufficient water quality

improvement.
4 2 Materials and Methods

4.2.1 Study Area

The CBTC system is located in the heart of Orange Beach, Alalaawhis,a component
of the larger PerdidoBay watershedwhich is connectedo the Gulf of Mexico by the Perdido
Pass.The major freshwater inflow to Perdido Bay is from the Perdido River, which enters the
bay from the northeastCotton Bayou is a shallow seitliosed water body that is in tfeerdido

and Wolf Bay system with a surface area and average depttof 0.73 knf and 1.36 m,
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respectively The eastern end @fotton Bayou is connectdd Terry Cove and Perdido Paske

pass is the only connection for the Perdido Bay system with the Gulf of M&xipod 42).

Terry Cove

. 79 Walker Island
Robinsen ls/and/v‘

-
o
L

2~

Gulf of Mexico

Figure4-2 Cotton BayouTerry Cove area

4.2.2 Model Used

EFDC+ was used to develop a sipecific model for theCBTC system. The EFDC model
solves threalimensional continuity, momentum, and free surface equations of métamnrick

19920 and uses turbulence closure schembl€llor and Yamada 198§2Water level, water
temperature, salinity and nineteen water quality parameters were simulated. DO was the main
water quality parameter used for calibration and validation purposes. Several sinndsged
quality parametersre incorporated in the simulation of DOhr&e algal classewere also
simulated (geenagae, blue-green algae andiatoms) Carbon (refractory particulate organic

carbon, labile particulate organic carbon, dissolved organic carpboyphorus (refractory
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particulate organic phosphorus, labile particulate organic phosphorus, dissolved organic
phosphorus, total phosphateitrogen (refractory particulate organic nitrogen, labile particulate
organic nitrogen, dissolved organic nitrogen, ammonia nitrogen, nitrate nfita) (particulate
biogenic silica, dissolved available silicaplorophylla, andChemical Oxygen Deman(COD)

are also simulated to capture nutrient dynamite EFDC+ sediment subodel was also used
since for productive estuary systems, sediment fluxes play an important role in nutrient
dynamics. Additional model details and related governing equations are provided in Section

1.32.
4 3 Continuous and DiscreteData Collection

Continuousmonitoring datafor model calibration were collected at three locations within the
CBTC model domain usinthreeln-situ Inc. Aqua Troll 600vented probes: Terry Cove (L1),
Marine Police (I 2) a n(EigurS p3). Mhe Prolzes wese afthahed ta a

adjacent existing structusepproximately? ft above the sediment surface.

In-Situ Inc. Aqua Troll 600 probs area five-port multiparameter sonde with capacity for
four interchangeable sensors and an antifouling wWipe®itu Inc., 2022 Data are stored on the
probes and periodically downloaded.Sensor options include temperature, conductivity,
pH/ORP, optical dissolved oxygen (RDO), turbidity, chloropfayllPhycocianin (BGAC),
Phycoerythrin (BGAPE), FDOM, Crude Oil, Rhodamine WT, Fluorescein WT, ammonium
(ISE), chloride (ISE) and nitrate (ISE). The installed probes recorded water depth, chleapphyll
RDO concentration, RDO saturation, oxygen partial pressure,-BEBAluorescence, actual
conductivity, specific conductivity, salinity, resistivity, density, total dissolved solids,
temperature, and barometric pressatéwo hours intervafrom 11/7/2023 to 7/28/202@64

days total)
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Discretewater and sediment sampling was conductetthisteenlocationson 2/20/2023
and 7/28/2023 Water samples were analyzed fDO, total phosphate, ammonia nitrogen,
nitratenitrite, dissolved available silica and chloropkgliSediment samples were analyzed for
percent solids, total phosphate, ammonia nitrogen and nititate. These data are provided in
Appendix B. Following initial model developmenthe modelwas calibrated using observed

water level, temperature, salinity and water qualithin the study area (Figure-3).

(-?"ﬁr-.ﬁw . - . .
- aw

Figure4-3 In-situ Inc.Aqua Troll 600ventedprobes for continuous watdata collection.

Table4-1 ContinuoudDataCollection Probe Locations

Probe Longitude Latitude Depth (m)
Terry Cove (L1) -87.553273 | 30.286096 1.93
Marine Police/Perdido Pass (L2) -87.554949 | 30.278656 1.07
Sportsmands Mari nal/| -87.563955 | 30.278656 0.98
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Perdido Pass

Gulf of Mexico

Figure4-4 Datacollection map.
4.4 EFDC+ Model Calibration and Validation

The EFDC+ model for CBTC systenwas configured, calibrated, and validated in
multiple steps (Tabld-2). An initial modeldomain was created and calibrated using a single
grid mesh with relatively <coarse <cell di mens
system. Validation simulations for this initial model domain provided unacceptable results when
comparing key validation parameters to direct sampling/monitoring (primi2@ly salinity, and
water temperature). Based on this outcome, the model was reconfigured to include a nested grid
mesh for Cotton Bayou Terry Cove with small et

model domain. Continuity of hydrodynamic conditions and material fluxes are maintained along
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the boundaries delineating the initial grid mesh and the nested grid mesh. This new configuration
provided acceptable results for key validation parameters when compared to observed results
from direct sampling/monitoring, using calibration parameters employed when configured for
the initial model domain. Sections4.1 through4.4.7 summarize model calibration; Section

4.4.8 summarizes the incorporation of the nested grid mesh into the .mbuoel model
calibration and validation periods are provided in TabR The simulation was conducted from

9/1/2023; the first two months of simulation helped the model parameters to stabilize.

Table4-2 Calibration and/alidationTimeline

Start End
Calibration 11/07/2022 02/28/2023
Period 1
Validation 03/01/2023 03/31/2023
Period 2 Validation 05/01/2023 07/10/2023

44.1 Initial Model Domain

The intial EFDC+ model grid mesh is shown in Figurb.A hegrid was used from a
previous study (Li, 2019)[he grid was further refined in theBTC region and used for the
current studyThe initial model domain grid had a total of 5303 curvilinear cells with 118 grid
rows and 267 grid columns. The cells had a mean dimension of 188.190 m (range: 6.219 m
1212.807 m) and 213.896 m (range: 2.750 fi83.421 m) in X and Y directions, resgieely.

Four vetical layers were simulated using a Sigma vertical grid.
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=Coarse Model Boundary
D Nested Model Boundary
Coarse Model Grid

Perdido Bay
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Cotton Baye Lot T

0 125 25
) Miles

Figure4-5 Model grid for thenitial (coarse)modeldomain.

4.4.2 Bathymetry

Existing data wereused to construct model domain bathymetPublicly available
bathymetry data from the National Oceanic and Atmospheric Administration (NOAA) were used
for the | arger P e r dTiheldOS Blydrograptucl Surved datasetsmassuseel m.
for the bathymetry datdMeasurement dates vary across the Perdido Bay system: the most recent

bathymetry data fothis area were collected in 2007 and the oldest data in 1985. For Cotton
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Bayou, the most receMOAA bathymetry data were measured in 1994. Bathymetry data were
manually edited using\rcGIS to account for Robinson Island, Walker Island, and shore areas.
The updated bathymetdatawasused for modeling.
4.4.3 Boundary Conditions

Boundary condions for the model domain are shown in Figét® The model domain
wasconfigured to account for the three primary hydrodynamic boundaries: (1) Perdido Pass into
the Gulf of Mexico (GOM), (2) Dolphin Pass (between Perdido Bay and Pensacola Bay), and (3)
Portage Creek (the Gulf Intracoastal Waterway (GIWW) between the Perdido Bay system and
Mobile Bay). These are the primary boundaries where flow exchanges (inflow to Perdido Bay
and inflow from/otflow to the Gulf of Mexico) take place. Open flow boundaries were used to
represent the flow exchanges. Input data for the open boundaries were obtained from the nearest
available obserteon staions. The open boundary at Perdido Pased observedvater
temperature and dissolved oxygen (DO) data from the Alabama Real Time Coastal Observing
System (ARCOS) Dauphin Island sten. Water surface elevation data for Perdido Pass was
collected from the Dauphin Island NOAA Station (Station 8735180). A constant salinity of 35
ppt was used for Perdido Paddeasured water surface elévoms at the Pensacola NOAA
staion (Stdion 8729840) from NOAA Tides and Currents were uf@dopen boundary at
Dolphin Pass to represeidal influences from the Gulf of Mexico. The measured temperature at
this stdion was used as the temperature boundary at DoR#ss. Thedime series of observed
salinity at Florida Point from the Alabama Department of Environmental RiateADEM)
monitoring stdon was used as the salinity boundary at Dolphin Pass. The open boundary at
Portage Creek (GIWW) included measured water surfacetelasaat the US Geological Survey

(USGS) Staon 02378185, measured water temperatures at NOAA0Bta8735180, and
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measured salinity at the ADEM Orange Beach Waterfront Park (OWFP) monitigion.

Apartf r om t hese three primary open boundflaw i es,

boundaries
\
Wolf Bay and
\ Pordido Bay
Perdido River
Styx River X
Elevenmile Creek
Mobile Bay Pensacola Bay
‘ *
*  Weather Stations Bayou Marcus
Mifflin Creek
Wolf Creek
Hammock Creek
Owens Bayou Perdido Bay
Dolphin Pass
Graham Bayou - -
AE =
rry / Legend
Y USGS (Flow)
Glww 7\; P USGS (Water Level)
= NOAA (Water Level)
Perdido Pass [Z]  NOAA (Temperature & DO)
© ARCOS (Temperature & DO)
If of M:
ot Bmden A ADEM (Salinity)
N
w¢»l~:
0 2 4
+0 ) Miles

Figure4-6 Unsteady boundary condition locationgh the source of water level, water

temperature and DO data. Locations of meteorological stations are presentelgincomer.
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The larger Perdido Bay system has four primary surface water inflows. Edaseffour
inflows has an associated USGS gaugéasta Styx River (USGS 02377570), Perdido River
(USGS 02376500), Elevenmile Creek (USGS 02376115) and Bayou Marcus (USGS 02376100).
All thesestsons have wup to date discharge and gauge
hydrodynamic boundary coritbns; however, the most recent water quality data are from 2005.
Wolf Bay has five small inflow tributaries: Wolf Creek (USGS 02378170), Mifflin Creek,
OwensBayou, Graham Bayou and Hammock Creek. onl

and gaugéeight dataFor the other four tributaries, a constant flow of 0.15 cms was used.

4.4.4 Meteorology

EFDC+ water temperature and water quality simulations require meteorological data.
EFDC+ atmospheric forcing input variables include nine meteorological parameters:
atmospheric pressurémillibars), air temperature°C), relative humidity (fraction), rainfall
(m/day), evaporation (m/day), solar radiation ()ntloud cover (fraction), wind speed (m/s)
and wind direction (degree). The required data were acquired from two monitoring stations: (1)
the Mobile Regional Airport (40 miles northwest of Wolf Bay) and (2) the South Alabama
Mesonet Jay Station (25 miles northeasivafif Bay). The South Alabama Mesonet inetwork
of 26 automated weather s t gutf icoast area. Thddabiet ed i n
Regional Airport monitoring station records all required meteorological paranesiept solar
radiation, and the Mesonet Jay Station records all parameters except atmgs@sstice and
cloud cover. Meteorological data requirements were met by combined datahese two

stations in the EFDC+ model.
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4.4.5 Hydrodynamics

The Smagorinsky methao@atanelLopera et al. 2023\vas used to determine horizontal
eddy diffusivity. A range of valuewere selected for horizontal eddy viscosity and horizontal
momentum diffusivity. The most appropriate values were selected based on water level
comparisons at the three d¢omous monitoring probe lotans (Figure4-3). The method
developed by Kantha and Clays@dantha and Clayson, 1994cheme was used to select
parameters for vécal eddy viscosity and diffusivity. The Coriolis Effect plays an important role
in hydrodynamics. EFDC+ computes a value for the Coriolis Effect based on the general latitude
of the modeled site.
4.4.6 Water Quality

All EFDC+ water quality algorithms are dependent on water temperature. Meteorological
data and water temperature at the model domain boundaries are used to calculate water
temperature inside the model domain. EFDC+ has several surface heat exchange subroutines for
use in a variety of climatological settings. The most appropriate subroutine for the model domain
is the full heat balance model with variable extinction coefficightsackground light extinction
coefficient of0.7/mis used The background light extinction coefficient was calculated from the
Secchi depth data of previous years (Chapra, 1@6fficient of light extinction for Dissolved
Oxygen matter (DOM), dka and Particulate Organic Carbon (POC) are all selected as 0.01.

EFDC+ has the capability to simulate a broad range of water quality parameters. Out of
the 22 available water quality parameters, 19 were selected for this $taslyd on their
relevance to this studyrhis includes three algalasses: green algae, cyanobacteria and diatoms
carbon (refractory particulate organic carbon, labile particulate organic carbon, dissolved organic

carbon), phosphorus (refractory particulate organic phosphorus, labile particulate organic
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phosphorus, dissolved organic phosphorus, total phosphiti®gen (refractory particulate
organic nitrogen, labile particulate organic nitrogen, dissolved organic nitrogen, ammonia
nitrogen, nitrate nitrite)silica (particulate biogenic silica, dissolved available silichemical
oxygen demard (COD) and DO. EFDC+ algorithms for calculating COD, DO, and algal
concentrationgnclude parameters that are constants and were selected during model calibration
based onmeasured values from field observatioigble 4-3 shows the various calibration

parameters focyanobacterigrowth, metabolism, and predation.

Table4-3 Water Quality Calibration Parameters

Parameter Green Cyanobacteria Diatom
Algae

Maximum Growth Rate (1/day) 2 1.5 0.5
Basal Metabolism rate (1/day) 0.5 0.3 0.1
Predation rate (1/day) 0.2 0.1 0.01
C: Chlorophyll ration (mgC /ug Chh) 0.065 0.065 0.065
Stoichiometric algae £©C ratio (g Q/g °C) 2.67 2.67 2.67
Nitrogen halfsaturation (mg/L) 0.01 0.01 0.01
Phosphorous halaturation (mg/L) 0.001 0.001 0.001
Lower optimal temperature for growtf()) 20 20 20
Upper optimal temperature for growtiC} 28 28 28
Reference temperature for basal metabolD) ( 20 20 20
Temperature effect Coeff for basal metabolism 0.069 0.069 0.069
Optimal depth for growth (m) 0.065 0.065 0.065

Some coefficients related to algal growth were adjusted based on the ranges suggested by
relevant literaturesBurn and McBeanl1985. Reaeration is another factor that influences DO,

andEFDC+ provides several subroutines for calculating this mechanism. In this study, the most
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appropriate reaeration subroutine is the Constant & Wind Generated model, using the DO
saturation formulation developed by Garcia and Gor@®arcia and Gordon, 1992)n algal
growth algorithms, EFDC+ usesgercentage of total incident solar radiation for photosynthesis
basedon calibration comparisons to field observations. In this study, 45% of the incident solar
radiationwas used.
4 4.7 Sediment Flux

EFDC+ allows a variety of methods for accounting for the exchange of nutrients, oxygen,
and other water constituents with sedimg(ftitzpatrick and Ditoro, 1993 For this study,
constant flux values for kesediment nutrients and other water constituersewsed, based on
observed field parameteend adjustment during calibratioddowever, different COD values
were used for different areas of the initial model domain to account for spatial variance. Figure
4-7 shows how different CORelease ratewere used in the EFDC+ model. The model was first
simulated using a COD flux of 5 gffday for the whole modelThen, comparing with the
observed DO data, it was found that Cotton Bayou and Terry Cove area has higher COD release
rates. As part of the calibration effort, different COD release rates higher than?8ay/mere
applied tothese twoarea. By comparing the simulated D@ith the observed data apecific
probe locations, the COD released rates were selected as 2day/mnd 9 g/ifiday for Terry
Cove and Cotton Bayouespectively.Figure 48 represents how the sediment flux of COD

affects DO concentration.

121



Sediment Flux
COD (g/m%day)

Figure4-7 Sediment fluxinput of COD (from sediment to watgy/n?/day) at CBTC inthe

coarsemodel

Terry Cove Probe Location
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Figure4-8 SimulatedDO concentrations at Terry Cove probe location using two diff&erid

sediment fluesfor that area
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44.8 Nested Model

The calibrated EFDC+ model includes a nested grid meshBoCGystenmwith smaller
grid dimensions embedded within thetiiai model domain. The nested grid was prepared using
Grid+, a tool for creiaing 2D curvilinear orthogonal grids. The nested grid cells hameean
dimension of 36.707 rfrange: 21.018 i 141.012 m) and 37.074 m (range: 4.741 &05.587
m) in X and Y diretions, respdovely. The more spaglly refined nested model more
realigically represents spial variaions in bathymetry, which is especially important within the
narrowconfines of Ctton Bayou. This sensvity is reflected in hydrodynamic and water quality
representtiveness when compared to observed data. Fg@rshows the nested model grid for
the CBTC system Figure4-8 shows the refined bathymetry within the nested mddetainand
the nested model grid boundary cdmmhs, set at the southern amdstern boundaries.
Hydrodynamic and material fluxes are passed between the two model ajpiny these

boundaries.
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Figure4-9 Boundary conditions and bottom elevatiomestedmnodel domain
45 Calibration Results

45.1 Water Level Calibration

As the first step of calibration, model water levels were calibrated to match observed
water levels at the three continuous monitoring probe locatibhs. parameters for the
hydrodynamic modeling were adjusteBligure 410 shows the comparison between the
simulated water level and observed data. For the seasonal spring period, simulated water levels
were higher than observed water levels at the Perdido Pass/Marine Police probe location (L2).
For seasonal summer period, simulated water levels were lower compared to observed water
levels at the Cotton Bayou probe location (L3). However, the Cotton Bayou probe water level
data shows a sharp decrease during the summer period which was not observed for Terry Cove
or Perdido Pass probe locations. Visual inspection of the L3 probe indicated that organic growth

on the probe likely affected data collection during this period.
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Figure4-10 Observed and simulated water leveapTerry Cove probe location from
12/01/2022 to 2/19/2028{ days); b)Perdido Pass probe location from 12/01/2022 to 2/19/2023
(81 days); c)Cotton Bayou probe location from 12/01/2022 to 2/19/2@431ays); d)Terry
Cove probe location from 05/01/2023 to 07/10/202Bdays); e€) Perdido Pass probe location
from 05/01/2023 to 07/10/20231 days); f) Cotton Bayou probe location from 05/01/2023 to

07/10/2023 71 days).

45.2 Water Temperature Calibration

Figure 411 shows simulated and observed water temperatures at the three continuous

monitoring probe locationgt Cotton Bayou, the model predicted lower temperatures than those
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observed from05/03/2023to 06/20/2023 48 days), after which theimulated temperatures

matched well with observed data.
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Figure4-11 Observed and simulated watemperatureta) Terry Cove probe location from

12/01/2022 to 2/19/20281 days) b) Perdido Pass probe location from 12/01/2022 to 2/19/2023

(81 days) c) Cotton Bayou probe location from 12/01/2022 to 2/19/2@43days) d) Terry

Cove probe location from 05/01/2023 to 07/10/2(02Bdays) e) Perdido Pass probe location

from 05/01/2023 to 07/10/20231 days)f) Cotton Bayou probe location from 05/01/2023 to

07/10/2023 71 days)
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45.3 Dissolved Oxygen Calibration

Eighteen simulatesvater quality parameteisontribute to the simulation of D@rigure
4-12 showssimulated DO during theseasonakpring period(81 days)at the three continuous
monitoringprobelocations. Tl Terry Cove, Perdido Pass, and Cotton Bayou probes collected
DO data at 1.93 m, 1.28, and 0.98 m from the water surface, respectivi@pulated DO was
extracted at the same depth as the proteasuring depthsFigure 412 shows the DO
comparison between the calibrated model and observed datagpritige period(12/01/2022 to
02/19/2023, 81 daysjtthethree probe locations. The Root Mean Square Error (RMSE) at Terry
Cove and Perdido Pass is 0.94 mg/L and 1.17 mg/L, respectMethie Cotton Bayou probe,
the RMSE is 2.7 mg/LHypoxic conditions were negligible at tierry Cove and Perdido Pass
probe locations. The observedDO time series athe Cotton Bayouprobe location was
considerably lower compared to the other two probe locations over the same time Ipésiod
evident from Figure 4.1 thatthe Terry Cove and Perdido Pass aewintained sulbethal DO
for Gulf Menhadenduring the spring seasonHowever, at Cotton Bayou, lethal DO was

observedver several dayis early December and early January.

Figure 413 shows the DO comparison between the calibrated and observedudata
the seasonalusnmer 2023period This figure also demonstrates thdferencesbetween the
coarse and nested models by comparing the simulated DO series extracted at the three probe
locations. The coarse model simulated much higher DOthet Terry Cove probe location
compared tmbserved data. Theoarse model simulatenearly identical DO athe Terry Cove
and Perdido Pagsobe locationsvhereas the nested model captid®© differencs betweerthe
Terry Cove and Perdido Pga®be locationsDue to complex hydrodynamitsiting mixing of

inflowing and outflowing waterin some CBTCareas, spatotemporal variation in DO is
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significant. Hence, a detailed nested grid with finer grid sizes can simulate water quality

parameters more accurately.
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Figure4-12 Simulated DO along with observed DO and saturatechl«) Terry Cove probe
location, b)Perdido Pass probe location andCotton Bayou probe location from 12/01/2022 to
2/19/2023(81 days)
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Figure4-13 Observed andimulatedDO concentrations &) Terry Cove probe location, b)

Perdido Pass probe location and c) Cotton Bayou probe location from 05/01/2023 to 07/10/2023

(71 daysusingthe CoarseVlodel and Nested/odel.

Table 44 shows detailed low DO temporal distribution in observed probe data. In Spring,

the Terry Cove and Perdid&assprobedid not have low [ days (with 2/3 days exception).
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During the summer, DO at Perdido Pass reetrelow lethal DO for 278 hours. At Terry cove

probe location, DO remaga below lethal limit for 726 hours. The Cotton Bayou probe location
had 810 hours of lethal DO and 119 anoxic hodtrgan be said that the Terry Cove and Cotton
Bayou locations had alarming lethal DO conditiolisshould be noted that the probes were

placed approximately 0.61 m above the sediment bottom.

Table4-4 Number ofLow DO Hours inThree Cells that hasContinuousProbeMeasurements

(Figure 43)
Number ofhours

Probe L1: Terry Coveg Probe L2: Perdido Pasy Probe L3: Cotton Bayou
At 1.93 m from At 1.23 m from At 0.98 m from

surface(max depth | surface(max depth 1.63 surface(max depth 1.54

2.54 m) m) m)
Spring | Summer Spring Summer Spring Summer

DO< 3mg/L 2 726 3 278 78 810
DO <1 mg/L 0 353 0 36 15 454
DO < 0.5 mg/L 0 258 0 8 2 319
DO =0 mg/L 0 102 0 0 0 119

Note: The simulation period covers 1688 hours.

45.4 Spatial Variance of Dissolved Oxygen

Simulated DO in the CBTC area indicated tlmat DO persisted in Cotton Bayou and
Terry Cove areas and near the islands south of Terry Cove. To further examine spatiotemporal
variation in DO, three observation cells within the model domain were selected (Fifgdye 4

Cell 1, 2 and 3 have bottom elevations of 3.4 m, 0.76 m and 2.2 m respectively.
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Figure4-14 Location of thereportingcells based oriow DO.

Figure 415 shows the DO concentrations at the selected stations in the summer seasonal
period in the surface and bottom layers. The surface layer had higher DO due to reaeration and
photosynthesis. The surface DO started decreasing €)5-0623 due to water temperature
being higher than the optimum temperature for algal gro@ithulated results indicate that CB
has anoxic conditions over the time periods nod&eD9-2023 to 0511-2023, 0513-2023 to 05
23-2023, 0528-2023 to 0601-2023 and 0€2-2023 to 0710-2023. CB bottom layer DO was
less than the lethal DO for the entire summer simulation pe@iodon Bayou had surface DO

with levelsabovethe lethal conditions for Gulf menhadem @5-08-2023 to 0509-3023

Figure 415(c) shows significant stratification in Cotton Bayd\t. Cotton Bayou, there
were three periods of mixing in May which can be correlated with the high westward wind
speed. The mixing period ranges from@B2023 to 0509-2023, 0511-2023 to 0513-2023,

05-23-2023 to 0529-2023. The maximum wind speed in these three periods are 10.21 m/s, 14.87
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m/s and 9.81 m/s, respectively whereas the average wind speeds are 4.5, 6.41, 5.2 m/s,
respectively. These are higher than the average speed of 3.72 m/s for the Summer period. The
bottom DO was highly dependent on COD and SOD, which was simulated individually in
EFDC+. SOD ranges from 1.84 to 2.15 glay on 0501-2023 to 0615-2023. However, from

06-16-2023 onwards, SOD started to increase ranging from 2.15 to 2.68laym

Being located in a very shallow area between Robinson and Walker Island, Cell 2 had
well-mixed conditions throughout the period. DO time series showed significant sensitivity to
wind speed,wind direction andtides Cell 2 had lethal bottom DO for 1595 hours
(approximately 66 days). At the bottom layer, anoxic condition was observed in 31 hours at the

bottom layer and DO of less than 1 mg/L was observed in 1123 hours.
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a) DO at Cell 1 (in Terry Cove)
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Figure4-15 Simulated DO asurface and bottom layers at a) Cell 1 (in Terry cove); b) Cell 2

(near Islands); c) Cell 3 (in Cotton Baydagationsfrom 05/01/2023 to 07/10/2023

Table4-5 Numberof Low DO Hours inThree ReportingCells (Figure 413)

Number of hours
Terry Cove North | Near Island Areas (Cell Cotton Bayou
(Cell 2) 2) (Cell 3)

Surface| Bottom Surface Bottom Surface Bottom

Layer Layer Layer Layer Layer Layer

DO<3mg/L | 1542 1680 1444 1595 1670 1680
DO <1 mg/L 453 1409 528 1123 836 1618
DO<05mg/L| 177 1156 369 931 341 1501
DO =0 mg/L 0 565 0 496 0 1163

Note: The simulation period covers 1688 hours.
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Cell 1 is located on the north side of Terry Cove and has a depth of 3 m. Cell 1
experienced some stratification but had more mixing periods compared to Cotton Bayou. Cell 1
had lethal bottom DO for1680 hours, DO less than 1 mg/L in 1409 hours and anoxic condition
on 565 hours. DO concentration and mixing varied significantly throughout the CBTC system. In
July, much less stratification was observed in Terry Cove and near island areas compared to
Cotton Bayou. Terry Cove had lower SOD in July compared to Cotton Bayou, which, in turn,
caused higher DO at the bottom layers. SOD is calculated as a combination of carbonaceous
SOD and nitrogenous SOD, which is dependent on particulate organic matter (POM) and
ammonium (NH4) concentration, respectively. The change in SOD was due to the change in

POM, while the NH4 concentration remained unchanged.

4 6 Conclusiors

This chapter outlines the data collection and model calibration procedure for water level,

water temperature and water quality parameters in CBTC system.

1 The nested model simulatgvater level, water temperature and DO with good agreement
with observed data. In Summe023 the RMSE forsimulated DO afTerry Cove,

Perdido Pass and Cotton Baymobe locationsvere 150, 1.21and 109, respectively.

1 Thenested modgberformed better than the coarse model in DO estimation as presented
in Figure 412.The finer cellsizesand higher resolutioanabled the model to capture the
spatial difference in DO more accuratelested modebpproach isnot usually used
However, it is a preferred approach when theresabelomains inlarge model domain
where more resolution is desired. For the CBTC area, the mean cell size was reduced by

80% in the nested model. Since the CBTC system is a small area in the overall coarse
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(interim) model domain, the refined grid did not increase the simulation time
significantly. The simulation time for the nested model was 30% more than the coarse

model.

The recommended DO level f@ulf Menhadenis 3 mg/L. However, based on the
observed data and simulation result&re are periods of time in certain areas within the
CBTC where Gulf Menhadenhealth is at riskDuring 90% of the seasonal summer
simulation period (05/01/2023 to 07/10/2023; days), DO in the CBTC system was
belowthe Gulf Menhaderethal limit (Figure 414). Among the simulated 1688 hours in
seasonal summer period, Cotton Bayou (Cell 3) had anoxic conditions for1163 hours.
Terry Cove (Cell 1) and ne#sland (Cell 2) had anoxic conditions 885 and 496 days,

respectively. Cotton Bayou has less DO than the Terry cove andstazat region.

DO concentration in the CBTC system is very sensitive to SOD and COD. Any natural
system has different sediment characteristics at different parts of the waterbody.
Therefore, in the initial model domain, different sediment flux of COD were assigned for
Terry Cove, Cotton Bayou and Perdido Pass area. This approach resulted in a reasonable

DO concentration (Figure-4) and captured the spatial differences more prominently.
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Chapter 5 Predictive Modelingin Response tdifferent Restoration Techniques

5.1Introduction

In the United States, 40% of the total population (over 124 million people) live along the
coastline (NOAA, 2019b). Diverse habitats along the coasts provide many valuable ecosystem
goods and services (EGS) that the coastal populations depend on (Barbier, 2013). Coastal
counties produce more than $7.9 trillion in goods and services peiN@&AA, 2019) In 2006,
the Gulf of Mexico lost over $800,000 per hectare (2018 USD) worth of EGS in the areas of
property protection, recreation, food, and waste treatment due to land use change and coastal
habitat losyMendozaGonzalez et al., 20)2While these losses @ulf of Mexico were due to
urbanization, it shows that the services provided by those habitats would not exist if the habitats
were lost, including a loss from environmental change. The-temy losses of the EGS
exceeded the sheerm gains of urbanization (Mende@onzalez et al., 2012). Habitat loss that
is already occurring due to development and urbanizaibeingexacerbated by environmental
stressors. As urban developmerft apastal watershadcontinues, estuaries and bays are
becoming more eutrophic, and cascading effects are being felt at every trophic level. Managers
and stakeholders need to have a suite of effective management tools that can be applied to

coastal watersheds to minimize skeffects of eutrophication.

There hae been several studies regarding choosing the most effective management
practices for estuariegBowen & Valiela, 2004) Bowen and Valiela (2004¢ombined an N
loading model and estuary loading model to simulate the effectivenessuailzerof potential
management options that could be implemented in Waquoit Bay, Cape Cod, Massachusetts.
Improvement of septic system performance, use of zoning regulations, preservation of forested

tracts and freshwater bodies, installing wastewater treatment plants, controlling fertilizer use,
136



harvesting macroalgae, diversion of runoff from impervious surfaces, dredging wtdden
modeled as potential treatment options for the estuary. The choice of management practices
depends on the water quality issue faced by the estuary. Harris et al. (2015) examined the effect
of destratification and reaeration on nutrient and DO dynamics in Rock Creek;ha 36zl

creek tributary to the Patapsco River in the northern portion of Chesapeake Bay. In 1988,
following the recommendation of the engineering company Dames and Moore (1988), an
aeration system was installed that currently consists of 830 m of aeration pipes and 138 diffusers.
The purpose of aeration is to destroy saline and thermal stratification that isolate bottom water
from oxygenrich surface water.Consequently, hte destratified water columriecomes
responsive to tidal and wind energy that readily mixes oxymgénsurface water to the bottom,
thereby preventing anoxia. The installation cost for the aeration system in Rock Creek was
$253,000 in 1988, with average annual electrical costs of $11,000 that have ranged from $6,350
to $14,000 between 2000 and 20QT@H2MHILL, 2011) Although aeratiorcan providecost
effective improvement to water quality in estuarieslditional remedial actions (for example,
reduction in nutrient loading) can provide cumulative positive environmental imjiamtey et

al., 2009)

The Waquoit Bay case study provides an example of a protocol that leads to
identification of the most promising management optifBewen et al., 2002)Dredging is
another management technique for decreasing flushing time of the water in an.estuary
Enhanced gtuary transport of land derived mixes nutrientrich freshwater with nutrierpoor
coastalmarinewater, reducing overall nutrient concentratiofdonsen et al. 2002)Targeted
dredging to decrease flushing timeas been proposed as a solution to eutrophication in many
shallow coastal estuaries (Mallin et al. 20@9)wen and Valiela (2004ssessed the potential of
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dredging as a management optionn@rove water quality irestuaries through twdimensional

modeling.

Since the implementation of any managenmm@aictice to enhance estuary water quality
bears economic costassessment of potential remedial solutions leading tedleetion of the
most effective restoration techniguis very important This chapter examines the utility of
threedimensional hydrodynamic and water quality modeling in the assessment and selection of
remedial measures designed to materially improve water quality in an estuary, using the CBTC
area within the Perdido Bay estuary as a test cade. cdlibratedEFDC+ model described in
Chapter 4is used for this examination, considering targeteztigingand forced aeratior{both
individually and in combination)The overarching goabf this studyis to identify the most
effective remedial measures for reducimgpoxiain the CBTC area (Figure 4,1yising Gulf
Menhaden DO requirements as a guide, and predict overall improvements in water quality

resulting from implementation of selected remedial measures

5.2 Materials and Methods

5.2.1 Water Quality Conditions in the Study Area
The Perdido Bayvatershed encompasses approximately 3238 toughly 2/3 of which

is in Alabama and 1/3 is in Florida. Land use in the watershed includes urban development
(primarily in the southern portion of the watershed including Orange Beach), upland forest, and
agriculture. There are major timber companies operating in the watershed, including
International Paper Corporation, DuPont Champion, and Scott Paper Company. Additionally,
facilities associated with the Pensacola Naval Air Station are located in the watershed. There are
a number of known hazardous waste sites within the watershed, including a former Superfund

site and several Florida Department of Environmental Protection (FDEP) hazardous waste sites.
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Degradation of water quality within the watershed resulting from known and unknown point and
nonpoint pollution has been well documented (McPherson et al., 2004; Hadley, et al., 2006).
Because Perdido Bay is shallow (average depth of 2 m) and small (3Qekative to its
watershed (3238 kfjy water quality varies rapidly in response to meteorological events and tidal

movement (Hadley, et al., 2006)

Several documented fish kills have occurred within Perdido(Baje, 2017; Li, 2019)
suspected to be caused by periodic hypoxia events in areas within the bay susceptible to poor
hydrodynamic mixing (in particular the CBTC area, Figw®).4 The primay species involved
in these fish kills isGulf Menhadenlin estuaries, juvenil®lenhaderhave been captured in water
with a salinity range of 0 to 35 ppt and a temperature range of 5 to 35 °C (Benson 1982;
Christmas and Waller 1973). Lassuy (1983) reported that the suitable water temperature for
Menhadenis around 3C°C. Post larvae and juveniles in restricted bays and backwaters (e.g.,
Cotton Bayou) are particularly susceptible to DO due to their low mobilityreaulity to avoid
low DO areas (Lassuy 1983). A minimum DO level of 3 mg/L was suggestéalbiMenhaden

survival (Christmas and Waller 1973).

The most impacted area for fish Kills in Perdido Bay is the CBTC area (Fieg);ead
the EFDC+ model developed and calibrated in the previous chapter focused on this area. In this
chapter, the calibrated EFDC+ model for Perdido Bay and the CBTC area igousest
proposedremedial measures for #h CBTC area These remedial measures incluideced
aeration, dredgingand combinatiorof both, with the primary modeling goal of maintaining DO

concentrations above 3 mg/L.
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5.2.2 Model Used

The calibrate®-D hydrodynamic and water quality model EFD@#s used to testhe
proposedremedial measureslet/Plume and open boundary conditions were used to simulate
aerator effects. Dredging was simulated by changing bottom elevations. Water level, water
temperature, salinity, DO and 18 other water quality parameters were simuitagechlculation
procedure of the jet/plume sub model is mainly based on Lee and Cheung T1@90#jectory
of a group of plume patrticles is traced in time using a Lagrangian formulation. The plume puff
gains mass as ambient fluid is entrained and mixed within it, but once entrained, the new mass
becomes an indistinguishable part of the plume puff. In the simplest version, the plume is
assumed to be essentially a cylindrical segment whose radius grows as mass is entrained. The

initial plume mass is identified as the mass issuing from a diffuser with fadius

0 ”"*eQ (5.1)

where, M is the initial mass} o is the initial density, is the diffuser radius,ohis the length of

the plumemass and is chosen to be comparableyt&dr example, f=r and g = r, where r is

the radius of theliffuser. The initial length of the plume can be estimated from the initial plume
velocity Vo and timegpt'Q @ w 0The increment in the plume mass at thetime step is the

sum of the plume mass incremedtie to thesheafrinduced entrainment and the forced
entrainmentThe increase in mass of the plume element is due to turbulent entrainment of the
ambient flow. Close to the discharge point, or in a very weak current;iske@ed entrainment
dominates. In general, however, the forced entrainment of the cross flow dominates, except very

close to the source. In the model, assuming the total entrainment is a function of the horizontal
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currents and a shearing action of the plume relative to the currents, the increase in mass due to
shear entrainmentfMs; is written as

wd " c¢0Q0wm 06 AT OAT-Gxwo (5.2)

Where the jet axis makes an angleigfwith the horizontal plane, ard} is the angle between

the xaxis and the projection of the jet axis on the horizontal plane.the ambient density and

Ua is the ambient current. The subscriptienotes the value dlie plume element ahe n step

of calculation, the subscript denotes the local ambient valiejs the entrainment coefficient

which is dependent on the local densimetric Froude nufbend jet orientation

_ 8 8 —
0 I (5.3)
S
S
0 | ——— 2 (5.4)
U is a proportionality constant.

Experimental observations by Chu and Goldberg (1984) and Stuart Churchill (1975) have
shown that thdéransfer of horizontal momentum is complete beyond a few jet diam#tess.
assumd that all the ambient flow on the downdrift side of the plume is entrained into the plume
element. This forced entrainment of the ambient flow into an arbitrarily inclined plume element

can be formulated as

w0 0 coalp AT OAT & “ Gl AAT-O -“OwAl AT-O (5.5)
In the equation, the first term represents the forced entrainment due to the projected plume area

normal to the cross flow; the second term is a correction due to the grothbpafme radius;

and the third term is a correction due to the curvature of the trajectory.
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The jetplume model is implementdry calculating the mass entrained at each. step
Given the increase in mass due to turbulent entrainment, the plume element characteristics at the
next step are obtained by applying conservation of mass, horizontal and vertical momentum,

energy, and tracer mass to the discrete eleos#ng generalized Lagrangian madel

5.3 Potential Restoration Scenarios

Predictive simulations to examine potential restoration scenarios and determine the most
effective restoration alternatives for improving water quakigre performedusing the final
calibrated and validated EFDC+ model foBTOC system (Chapter 4)n order to eliminate the
issue of low DO in the summer, the low DO regiownere firstidentified at different time
periocs. Figure5-1 showsthe DOdistribution in the study area at 15 day intes\shrtingfrom
05-01-2023 Figure5-1 showstha hypoxiawas observed inthe CBTCareaduring the entire
study study period (081-2023 to 0710-2023; 71 days) The suggested D©@oncentratiorfor
Gulf Menhadersurvivalis 3 mg/L (Li, 2019. The lowest DO concentration in the CBTC system
was observed between 12 pm to 4 pm (Figu8). Throughout this chaptethe simulated DO
concentrations at the bottom layer were extracted at three selected cells (F3yuoeidentify
the effect of different restoration measures. The proposed restoration measures tested in this

chapter are presented in Tabi&.5
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Table5-1 PotentialRestorationScenarios ta&enhancéNaterQuality, Guided byFinal EFDC+

ModelPredictiveSimulations

Restoration Scenario

1. Targeted placement of forced aeration system in critical locations predicted by m

2. Modification of bathymetry (dredging) in critical locations predictedrimdel

3. Combinations of Bnd 2 as guided by model

4. Installation of hydraulic connection between the Gulf of Mexico and Cotton Bayo

The calibrated model of CBTC system explained in Chapter 4 was used as the base
model. The predictive simulations were conducted for Summer 202Z1{@623 to 0710-2023
71day9. To implement the aerator installation into the model, two different approaenes

used: Jet/Plume boundary condition and open boundary condition.
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Figure5-1 DO distribution in the CBTC systefrom existing (baseline) condition nested model

simulation.
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Figure5-2 Hourly DO distribution in the CBTC system from existing (baseline) condition nested

model simulation.
5.4 Aeraor

5.4.1 Jet/PlumeBoundary Condition

The calibrated EFDC+ model for the CBTC area was used as baseline model with
changes in boundary conditionsitezorporate the addition of aeratof$e Jet/Plume boundary
conditionwasusedto perform predictive simulations under targgiatement of forced aeration

systems in critical locations in CBTC ardiawas assumed thaerators similar to ADS FTC fine

bubble aeratorsh(tps://airdiffusion.systempivould be placed at the sediment surfacEhese
aerators have already been used to oxygenate many wastewater treatment facilities, eutrophic

lakes and potable water and industrial wastewater tdries diameter of eacherator disds
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1.33 m(disc surface area 1.3%rar 15.0 ff). The aerators were placed at specific model grid
cells.To set up the boundary condition, the minimum flow (0.5 catisyved by EFDC+ for the
Jet/Plume boundary conditiamas used foeachaeratordisc. The Jet/Plume boundary condition

was set up based on the reasoning that the placement of aerators will drive the DO concentration
in the model cell to near saturation. Total number of aerators needed to make a model cell
saturated was determined by EFDC+ modeling. Based on the dimension of the model cell,
twelve to fifteen aerator discs (with 1.33 m diameter) were required to drive the DO
concentration near saturation. The model grid cells have mean dimensions of 36.707 m (range:
21.018 mi 141.012 m) and 37.074 m (range: 4.7417 rh05.587 m).For each cell wheran

aerator is located, fifteen aerator disesre placed(total aerator flow of 15x0.5 cms and total

disc surface area of 20.8mr 224.31%).Thi s set of fifteen aerator
set & i n (Tieiasratoc locatpns evereterminedby examining flow patterrs and

velocity vectors Cells with dynamic velocity patterns were selected to ensure mixing of the
aerator DO. Flow from a disc has vertical velocity based only on buoy&figy selecting

initial locations variedlocations(or model grids)weretested toachievethe optimumlocations
andnumber of aeratorhe grid sizes where aerator discs are placed range from 494 to 2842 m
Figure 5-3 shows three of the mangonfigurationstested for aerator installation. A constant

temperature of 2&, constant salinity of 2 ppt and constant DO of 9 mg/L (close to the

saturated @ at 23 C) wereused forthejet boundary condition.
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Figure5-3 Threesetups for aerator locatisrfyellow dotsjn Cotton Bayou Terry Cove (CBTC)

system to eliminate low DO problem.
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Figure 5-4 shows the difference in DO at three cells after aerator installation.
Configurationl has 13 locations with aerato@onfiguration2 andthe gtimum configuration 3
have 28 and 18 locations, respectiv€pnfigurationl andthe optimum cofigurationboth have
four grids withaeratorsetsplaced in the Terry Cove ar@hereasconfiguration2 has sixgrids
with aeratorsets Figure5-4(a) shows that though six aerator locatioosldresult in higher DO,
the fourgrids aerator placement aldacrease<DO to higher than 3 mg/L whiclexceeds the
survival thresholdor Gulf Menhaden Figure 5-4(b) shows the DO time series tite Cotton
Bayou Cell 3) locationforboth the existing and proposed conditiohhis figureshows that in
Cotton Bayou the temporalvariation in bottom DO is minimdbr the proposed conditio his
areahas minimalmixing or transport of water, so oxygenated wamnainsin the bayou. The
shallow area between the islands is difficult to oxygenatelhe application of two sets of
aerators is not adequate for this area. If gsids with aeratordiscs are used, the area between
Walker Island and Robinson Islandould still have DO levels less than 3 mg/[Therefore,an

optimum arrangement of fosets ofaeratoravasselected for the shallow nestand areas.
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Dissolved Oxygen after Aerator Installation (Cell 1)
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Figure5-4 Dissolval oxygen concentration at selected cells (Figlte3) in response to different

aerator setups compared with existing and target DO.

Figure 55 shows the longitudinal distribution of DO along a section cut through section
1-1 in Figure 53 (c). Figure 55(a) and 55(b) shows the DO distribution over depth @& 10-

2023 12:00 an05-15-2023 16:000or the existing (baseline) condition simulation
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Figure5-5 Longitudinal sections from the west part of CotBayou to neaPerdido Pass

(section 11 in Figure5-4(c)) showing EFDC simulateBDO (mg/L) and velocity direction over

depth at: a) 12:00 on 05/10/2023 b) 16:00 on 05/15/2023 c¢) 12:00 on 05/10/2023 with optimum

setup of aerators, and d) 16:00 on 05/15/2023 with optimum setup of aerators.
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Figure 55(a) shows strong O stratification throughout the section. The west section has
DO lower than 3mg/L whereas the surface DO is greater than 3 mg/L near GilChrist Island. The
velocity vectors show that there is eastward flow from the mouth of Cotton Bayou to the shallow
area at around 2100 m distancelFlow is from west to east throughout the sectiohike
westward flow from the island area enténs section causing higher DO concentras@t the
surface. Figure &(b) shows complete anoxic conditethroughout the section on 5/15/2023
16:00. The velocity vectors show that at the top two layers the flow goes from the contracted
section to GilChrist Island whereas the bottom two layeve bpposite flow direction. The two
flows coming from two differentlirectionsmix in the contracted areavhich flow remains on
top depend on the density of the water. Figure5&) and 55(d) show the longitudinal
distribution of DO through section-1 after installation of aerators. The section goes through
five aerator locations as presented in figeires. Thefigures show oxygenation of the bottom
layers first asair bubblesise towardgshe surfacethey becomentrained based on the ambient
water temperature Figure 55(d) shows clear stratification up to 1592 distance. Since the
aerators are placed at the sediment surface, the stratification has the opposite direction compared

to the natural stratification of DO (Figuresga)).

Figure 56 shows the longitudinal distribution of DO along a section cut through section
2-2 in Figure 53(c). The section encompasses from north of Terry Cove through the shallow
island regions towards th@ld River channel. Figure-6(a) and 56(b) show spatial distribution
of DO very clearly. The Terry Cove area has stronger stratification with lower DO
concentratioa While moving from Island to degfpelatively) old River channel, D@hcreases
sufficiently for Gulf Menhadensurvival The top three layers seem to be fully welked
whereas the bottom layer has slightly lower DO.
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Figure5-6 Longitudinal sections from thaorthpart of Terry Coveto Old River(section2-2in

Figure5-4(c)) showing EFDC simulateBO (mg/L) and velocity direction over depth at: a)
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